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PREFACE 


The  Second  Hero  Congress  wts  attended  by  393  people  frcui  64  govern¬ 
ment  agencies  and  120  industrial  organizations.  Tne  Congress  was  sponsored 
by  the  U,  S.  Naval  Weapons  Laboratory,  Dahlgren,  Virginia  for  the  b,  S,  Bureau 
of  Naval  Weapons.  It  was  the  purpose  of  this  Corigress  to  bring  together  for 
mutual  benefit  the  various  people  working  with,  or  interested  in,  the  hazards 
of  radio  frequency  electromagnetic  radiation  to  ordnance  systems  and  com¬ 
ponents. 

Tlie  success  of  the  Congress  was  due  in  large  measure  to  the  authors 
and  to  the  chairmen  of  the  several  sessions  who  kept  matters  going  smoothly 
and  on  schedule.  Not  to  be  forgotten  are  those  who,  in  a  less  conspicuous 
role,  increased  the  value  of  formal  presentations  by  participating  in  dis¬ 
cussions.  Their  comments  together  with  the  formal  papers  are  recorded  in  these 
Proceedings.  We  hope  that  our  editorial  condensation  has  loft  the  meaning  of 
the  discussions  intact. 


Forty  papers  wore 
papers  are  included^i*!*  WHT'  f 
verbal  presentations. 


a  ths  asseabla^and  12  additior.al 
although  shortage  of  time  prevented 


Please  note  that  toe  Proceedings  are  issued  this  time  under  two 
covers,  this  being  the  gene^l  volume.  Ten  classified  papers  are  contained 
in  the  supplement. 

For  additional  copies  of  these  Proceedings,  the  request  should  be 
sent  to  the  Defense 'documentation  Center,  Arlington  Hall  Station,  Arlington 
l2,  Virginia.  Copieit  of  the  Proceedings  of  the  first  HERO  Congress  may  also 
be  obtained  from  DDC  XaD  326  263)# 


It  would  not  be  practical  to  list  individually  all  those  staff 
membtirs  of  The  Franklin  Institute  who  contributed  to  organizing  and  arrang¬ 
ing  ti.e  Congress.  Mr.  E.  E.  Hannum,  Manager  of  The  Applied  Physios  Laboratory, 
served  as  general  manager.  Sharing  the  responsibility  for  the  technical 
program  and  aiTangemsnt  details  were  Paul  F.  Mohrbach  and  Gunther  Cohn. 
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ABSTiy..CTS  -  SESSION  I 


Welcome 

Introduction  of  Keynote  Speaker 
1*  Keynote  Address  (U) 

2.  The  Navy  HERO  Program 


J.  G.  R.  Heckacher 
Capt.  R.  P.  Sellars 
P..  Adm.  Kleber  S.  Masterson 
C.  M.  Cormack,  Jr. 


This  paper  describes  significant  changes  and  accomplishments  of  the  BuWeps 
HERO  Program  since  the  first  HERO  Congress  in  1961.  The  basic  policy  documents 
are  cited  and  a  brief  explanation  of  their  application  is  included. 


3.  AFSWC  Approach  to  the  EMR  Hazard  Problem  Zfht,  Raymond  J.  Hengel 

The  AFSWC  is  a  late  entry  into  the  study  of  EMR  problems.  Thus,  a  great 
deal  of  data  is  available  for  use  in  making  a  preliminary  evaluation.  Full 
use  of  data  and  corollary  situations  are  used  in  making  an  EMR  determination 
of  a  new  system  to  cut  to  a  minimum  the  actual  test  requirements. 


4.  The  Arncrls  Nuclear  Munitions  RF  Vulnerability  Program  (U)  G.  M.  Rosenberg 

The  vulnerability  program  has  advanced  greatly  since  the  last  HERO  Congress. 
Consideration  is  given  to  the  various  stages  of  assembly  of  munitions  of 
which  EED's  are  components,  and  also  the  probable  worst  RF  environments 
to  which  the  stages  are  subjected.  New  facilities,  well  organized,  have 
been  put  into  operation.  A  Radio  Frequency  Radiation  Effects  Ccianlttee, 
established  within  Army  Materiel  Command,  aids  in  information' exchange 
and  in  planning. 


5.  The  Achilles'  Heel  of  Modem  Weapons  (U)  Film 

Missile  failures  may  be  due  to  the  reaction  of  electromagnetic  radiation  on 
electroexplosive  devices.  Research  carried  on  and  sponsored  by  Picatlnny 
Arsenal  offers  one  solution  to  the  problem  in  the  form  of  solid  state 
attenuators.  Having  the  capability  of  broad  band  RF  protection,  the  attenuators 
replace  Insulator  plugs  in  electric  initiators. 
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Welcoming  Remarks 


J.  G.  Richard  Heckscher 

Executive  Vice  President,  The  Franklin  Institute 

On  behalf  of  Dr.  LePage,  President,  I  extend  to  aLl  of  you  a 
cordial  welcome  to  The  Franklin  Institute.  It  is  a  source  of  considerable 
satisfaction  to  us  that,  under  the  sponsorship  of  the  Naval  Weapons 
Laboratory,  you  have  selected  this  institution  for  the  HERO  Congress. 

We  are  honored  that  so  many  of  you  have  traveled  from  every  section  of 
the  United  States,  from  Canada,  from  Australia,  from  the  United  Kingdcm, 
and  from  other  parts  of  the  world  to  attend  these  proceedings  in  Phila¬ 
delphia. 

Let  me  in  a  few  words  tell  you  what  is  going  on  right  around 
you  in  The  Franklin  Institute.  In  this  building  is  the  Franklin  Memorial 
and  the  great  Science  Muse-jmf  adjacent  to  the  lobby  is  the  moat  up-to-date 
Planetarium  in  the  world;  on  the  second  floor  an  unusual]y  fine  Library 
specializing  in  the  physical  sciences  at  th'i  graduate  level;  on  the  ground 
floor  a  fully  equipped  Univao  data  center;  on  the  third  floor  the  editorial 
offices  of  the  Journal  of  The  Franklin  Institute,  published  continuously 
for  137  years.  I  extend  you  a  cordial  invitation  to  visit  any  of  these 
whenever  you  wieh. 

In  this  building  and  in  several  locations  in  the  ijnmediate 
neighborhood  is  The  Franklin  Institute  Laboratories  for  Research  and 
Development,  host  to  the  Second  KERO  Congress.  Growing  from  Ordnar . j 
work  done  by  the  Institute  during  World  War  II,  The  Franklin  Institute 
Laboratories  wore  established  in  19/^6  to  serve  Industry  and  government 
in  a  rapidly  developing  technological  era.  With  a  staff  of  more  than  330 
top  caliber  professionals,  the  Laboratories  continues  the  Institute’s 
proud  tradition  established  nearly  150  years  ago;  here  was  conducted  the 
first  U.  S.  Government-sponsored  research  contract  in  1832.  Today,  under 
the  direction  of  Francis  L.  Jackson,  coo^rehenslve  scientific  and  engineering 
services  are  provided  in  many  areas;  solid  state  sissies,  chemistry,  nuclear 
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engineering,  applied  mechanics,  instrumentation  and  controls,  data  processing, 
communication,  power  equipment,  operations  research  and,  of  course,  the 
very  special  problem  area  which  brings  you  together  this  morning.  Our 
Applied  Physics  Laboratory  is  one  of  the  most  active  in  studies  of  hazards 
of  electromagnetic  radiation  to  ordnance. 

Over  100,000  square  feet  of  floor  space  house  is  oonq>lex  of 
research  activities.  Next  year  vdll  see  a  new  Laboratories  building  rise 
across  the  street  \/lth  150,000  sq'iare  feet  to  accomodate  our  expanding 
activities  here  in  one  of  the  most  accessible  locations  in  Philadelphia, 
and  with  all*^ather  access  to  the  excellent  library  and  confuting  facilities 
in  this  building*  But  the  principal  asset  of  a  research  orgar.izatlon  is 
its  staff,  and  in  this  The  Franklin  Institute  Laboratories  is  unusually 
well  endowed.  Laboratories'  scientists  enj(^  stature  both  as  individual 
investigators  and  as  metabers  of  interdisciplinary  project  teams.  This 
is  exemplified  in  the  team  that  is  participating  with  you  in  an  effort 
to  solve  the  problems  connected  with  the  hazards  of  electromagnetic  radiation. 

Another  activity  of  The  Franklin  Institute  is  the  Bartol  Foundation, 
a  leader  in  cosmic  radiation,  and  low  energy  nuclear  physics  research, 
located  on  the  casque  of  Swarthmore  College  in  suburban  Philadelphia. 

You  will  find  it  well  worth  your  time  to  visit  some  of  these 
research  activities,  for  I  feel  certain  that  we  have  here  kindred  spirits 
who  are  probing  sane  of  the  same  areas  as  each  of  you. 

Vfe  hope  you  enjoy  your  visit,  and  that  you  will  return  soon 
and  often*  Toward  this  end  we  have  tried  to  plan  for  your  comfort  and 
convenience,  as  well  as  for  free  exchange  of  technical  information*  If 
we  have  overlooked  something,  please  bring  it  to  our  attention*  CSunther  Cohn 
of  our  Applied  Physics  Laboratory  is  on  hand  for  this  purpose.  The 
Franklin  Institute  staff  members  are  wearing  white  badges  so  you  may  spot 
them  easily  if  you  need  their  help* 

Again,  we  bid  you  welcome  and  wish  you  a  pleasant  and  rewarding 

meeting* 
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Introduction  of  Keynote  Speaker 
Capt.  R.  F.  Sellars,  USN 
Commander,  U.  S.  Naval  Weapons  Laboratory 

I  am  very  happy  to  be  here  and  to  see  eo  many  people  concerned 
with  the  HERO  problem.  As  you  know,  The  U.  S.  Naval  Weapons  Laboratory 
has  been  assigned  the  direction  of  the  HERO  project  and  I  think  that 
we  are  s’.icceeding  well  in  coordinating  the  research  efforts.  However, 

I  '^11  be  the  first  to  admit  that  we  dcn't  as  yet  know  all  there  is  to 
know  about  electromagnetic  radiation  and  particularly  we  don't  know  the 
eff  ects  of  outer  space  environment  but  we  are  wot4cing  hard  on  the 
problem. 

To  keep  pace  with  the  ever  Increasing  problems,  we  have  to 
spee<i  our  work  considerably.  We  hope  to  obtain  two  additional  ground 
planes,  more  RF  anschoic  rooms,  and  more  laboratories  located  either 
at  our  facility  or  at  the  Naval  Air  Test  Center  in  Patuxent.  This 
increase  will  probably  start  next  year.  We  now  have  a  staff  of  about 
a  hundred  at  Oahlgren  working  on  the  HERO  program.  This  effort  is 
con^emented  at  other  organisations  such  as  NOTS,  NASA,  BuUbps  itself, 
the  other  Armed  Services,  The  Franklin  Institute,  and  many  of  you  in 
Industry.  In  this  connection,  I  might  also  mention  the  ccntrlb\ition 
of  the  British  Royal  Air  Force  in  the  person  of  Wing  Cmdr.  Gray,  stationed 
at  Dahlgren,  tdio  has  given  st&stantial  assistance  to  our  efforts. 

The  U.  5.  Naval  Weapons  Laberator}'  has  been  concerned  with 
HERO  for  a  nuiiA)er  of  years,  but  it  was  not  until  about  a  year  ago  that 
our  influence  in  this  area  became  markedly  significant.  ‘Hie  operating 
forces  are,  of  course,  the  ones  most  vitall}'  concerned  with  tne  solution 
to  this  problem.  The  areas  of  safety,  possible  dudding,  and  radio 
frequency  compatibility  have  assumed  such  proportions  that  our  Naval 
fighting  forces  have  been  handicapped  in  the  performance  of  their 
mission.  I  am  sure  that  you  are  fairly  familiar  with  these  problems. 


If  not,  you  certainly  will  be  by  the  tine  this  Congress  is  conpleted. 
Exchange  of  ideas  is  the  purpose  of  this  Congress.  If  we  can  maintain 
adequate  communications  with  each  other,  I'm  sure  wa'll  make  great 
strides  in  finding  the  necessary  fixes. 

Our  keynote  speaker  today  is  a  Naval  Officer  and  a  gentleman 
whose  friendship  I  have  valued  over  the  many  years  I  have  known  him. 

He  is  most  familiar  with  the  HERO  problems,  he  is  a  micsile  ei^rt,  ar.d 
lie  has  contributed  in  the  field  of  ordnance.  As  a  foundation  for  his 
qualifications  in  technical  management,  he  has  served  in  aircraft 
carriers,  destroyers,  and  battleships;  and  after  receiving  a  valuable 
post-graduate  degree  In  ordnance,  he  served  his  apprenticeship  in  the 
former  Bureau  of  Ordr.ance.  With  these  years  of  experience  behind  .him, 
he  enjoyed  such  tours  as  Destroyer  Division  Commander,  Deep  Draft 
Command  during  the  Korean  War,  Commanding  Officer  of  the  USS  Boston, 
our  second  guided  missile  firing  ship,  and  after  becoming  Admiral, 
Commander  of  Cruiser  Division  0!'1E.  Then,  with  further  experience  gained 
at  the  Naval  War  College,  in  the  Armed  Forces  Special  Weapons  Project, 
and  in  the  Office  of  Naval  Operations  on  shore  duty,  he  was  a  most 
appropriate  choice  for  the  Chief  of  the  Bureau  of  Naval  Weapons. 

It  is  ray  great  pleasure  to  introduce  to  you  as  our  keynote 
speaker  today  Rear  Admiral  Xleber  S.  Maeterson,  U.  S.  Navy,  Chief  of 
the  Bureau  of  Naval  Weapons. 


Keynote  Address  is  in  Supplement,  Section  1. 
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2.  THE  NAVY  HERO  PROGRAi'-I 


by 

Charles  M.  Cormack,  Jr. 

U.S.  Bureau  of  Naval  Weapons 

The  first  HERO  Congress  served  to  point  up  the  growing 
importance  of  the  service  generated  electromagnetic  environment  and  the 
need  for  its  consideration  in  the  design  of  modem  weapons.  The  Bureau 
of  Naval  Weapons,  having  recognized  the  potential  problems  which  can  be 
generated  by  this  environment,  provided  for  a  significant  effort  in  both 
dollars  and  man»power  to  determine  its  effect  on  all  in-service  weapons 
and  to  devise  means  for  minimizing  these  effects. 

A  large  backlog  of  testing  developed  when  it  was  established 
that  all  in-service  weapons  ar^  related  equipments  utilizing  EED's  be 
certified  for  use  in  the  service  generated  EHR  fields.  To  expedite  the 
effort  testing  was  placed  on  a  three  shift  schedule.  \iJhile  this  was 
successful  to  an  extent  the  difficulties  of  testing  at  night,  particvtlarly 
out  of  doors  and  in  the  wijiter  months,  clearly  indicated  that  a  better 
approach  was  needed.  The  additional  facilities  .mentioned  by  the  Ki^ote 
Speaker  were  conceived  for  this  purpose  and  essentially  consist  of 
laboratory  spaces  including  shielded  rooms  and  two  additional  ground 
plane  test  facilities.  Completion  of  these  facilities  is  anticipated 
in  the  late  fall  of  1963 ,  Transmitting  equipment  is  being  obtained  and 
mounted  in  trailers  for  transfer  from  one  facility  to  another  as  needed. 

The  new  test  facilities  will  expedite  the  test  program  in 
several  ways,  first,  the  present  capacity  will  be  tripled,  second,  one 
of  the  new  facilities  will  be  located  at  an  air  station  where  high 
performance  Jet  aircraft  will  be  readily  available.  The  present  need 
for  these  aircraft  can  o<jly  be  mot  by  barging  them  to  and  from  the  test, 
facility.  Occasionally  an  aircraft  is  "stricken"  or  removed  from  service 
for  any  of  a  number  of  reasons,  and  it  has  been  possible  to  obtain 
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permanent  custody  of  it  for  use  in  HERO  tests.  Unfortunately  for  the 
HERO  program  this  occurs  all  too  seldom,  for  to  date  the  HERO  ’’Air  Force" 
consists  of  only  four  aircraft;  an  A4S  (A4D),  F-8  (F4D),  A-1  (AD4)  and 
EAIE  (AD5W).  Three  of  these  are  operational  type  aircraft  at  the 
present  time,  however,  one  is  phasing  out,  and  another  is  an  early 
warning  aircraft  with  no  armament  capability.  The  latter  is  used  as 
a  signal  generator  since  it  contains  high  powered  radar  equifsient. 

In  addition  to  the  above  aircraft  eight  different  types  have 
beer,  employed  in  testing  various  weapons;  F8(F6U).  A"A  (A3D).  32  (SIF). 
SH34H  (HSS-1),  F3B  (F3H).  UH2A  (Hu2K),  E2A  (W2F),  and  ElB  (WF2).  Three 
of  these  aircraft  (underlined)  required  barging  and  of  these  three  two 
have  required  second  or  third  test  periods. 

Although  the  majority  of  our  test  effort  is  directed  towards 
air  launched  weapon  systems  we  have  maiiy  surface  launched  weapons  and 
their  conqilex  mobile  launching  platforms,  namely  the  cruisers  and 
destroyers.  HERO  tests  have  been  conducted  on  at  least  one  ship  of  each 
of  the  major  typos  such  as  Destroyers  (DO'e),  Escort  Vessels  (l£'s), 
Guided  Missile  Destroyers  (DDG's),  Frigates  (DL's),  Guided  Missile 
Frigates  (DLG's),  Guided  Missile  Heavy  Cruisers  (CAC's),  Guided  Missile 
Cruisers  (CG),  Guided  Missile  Light  Cruisers  (CLC).  Within  these  types 
are  a  nurdber  of  classes  Involving  different  weapon  systems  and  electronic 
equipments.  As  technology  advances  and  as  systems  dictate,  weapons 
are  inproved;  new  versions  are  introduced  into  ships  and  the  fire  control 
and  search  radars  replaced  with  more  efficient  and  higher  powered  models. 
Communications  equipment  and  their  antennas  are  also  being  improved  ard 
antennas  relocated  aboard  ship  for  more  efficient  use,  hence  the  re¬ 
quirement  for  reevaluating  a  syotem  irtiich  has  bei.n  previously  tested. 

(The  Bureau  policy  regarding  requirements  for  the  testing  of  weapon 
systems  is  described  in  BuWeps  Instruction  5101. 2A  of  April  1962;  see 
attachment). 
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When  an  in-service  vreapon  is  tested  and  found  to  be  susceptible 
to  EMR,  operational  restrictions  are  issued  to  the  Fleet  and  the 
development  of  a  fix  is  undertaken.  While  the  "fix"  is  being  developed 
rf  tests  are  conducted  to  determine  its  effects  on  adjacent  circuits  and 
con^onents.  This  is  necessary  because  any  of  several  mechanisms  may  be 
involved  in  the  coupling  of  rf  energy  into  a  weapon  and  most  often  more 
than  one  EED  is  utilized  in  a  weapon. 

Fc.  all  new  weapons  the  designer  must  make  certain  that  premature 
actuation  of  any  EEC  will  result  only  in  a  reliability  type  failure  and 
further  that  adequate  precautions  are  taken  to  minimize  the  probability 
of  this  occurrence. 

Naval  Weapons  Roquiron»nt,  WR-27,  a  "Design  Guide  to  Preclude 
the  Hazai'ds  from  Environmi-ntal  Electromagnetic  Fields"  has  been  issued 
with  the  above  objectives  in  mind.  This  document  is  our  first  approach 
to  provide  information  and  techniques  for  minimizing  the  effects  of  rf 
on  weapons  containing  EEC's  but  can  only  be  used  si'fectlvely  if  it  is 
taken  into  consideration  early  enough  inthe  desi^  phase  of  a  weapon. 

A  Handbook  is  under  preparation  triiich  will  describe  in  detail 
such  techniques  as  proper  rf  shield  termination,  the  advantages  and 
trade-offs  of  some  rf  insensitive  devices  and  methods  for  their  omploynent 
in  advanced  weapon  designs. 

The  general  terms  "service  generated  EMR  fields"  or  "Shipboard 
Electromagnetic  Radiation  Environment"  used  above  defies  a  single 
definition  since  the  equipments  which  generate  this  environment  vaty 
from  ship  to  ship  within  a  given  class  and  beyond  this  from  ship  type  to 
ship  type  depending  on  mission,  armament,  etc. 
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J+  should  be  recognized  that  the  Navy  must  be  quite  flexible 
in  the  use  of  radio  frequencies.  Figure  (l)  shows  the  frequency  bands 
to  which  the  Navy  has  access.  This  frequency  spectrum  is  required  to 
provide  for  any  changes  in  a  shijfe  mission  and  any  changes  in  t  shift's 
electronic  suit.  Therefore  wo  must  bo  prepared  to  encounter  any 
frequency  within  this  spectrum  on  any  ship.  Along  with  ths  changes  in 
frequency  assignments  our  weapons  must  also  bs  prepared  to  accept  limits 
in  field  strengths  v^.ich  are  rspressntativo  of  the  present  state-of-the- 
art  for  transmitters.  Considering  these  facts  along  with  the  confining 
dimensions  of  a  shipl^  deck  it  should  bs  apparent  that  the  Navy  HERO 
problem  is  quite  c'omplex  and  severe.  For  emphasis  I  would  like  to  point 
out  that  our  largest  shijfh  deck  is  smaller  than  ths  average  single 
airfield  landing  strip. 

The  values  in  Figure  (2)  were  predicted  from  a  study  of  ths 
maximum  fisld  intensitiss  anticipated  is  a  given  frequency  band. 

Whils  Figures  (l)  and  (2)  indicats  ths  magnitude  of  ths  rf 
fields  one  can  anticipate  aboard  ship  they  do  not  correlate  this  data 
with  weapon  susceptibility  data.  Ws  define  a  potentially  hasardous  field 
Intensity  to  ordnance  as  an  rf  field  which  exceeds  the  values  iriiown  in 
Figures  (3)  ftnd  (4).  These  values  apply  primarily  to  disasseablsd 
slsctrically  initiated  ordnance,  exposure  of  internal  wires,  testing 
involving  additional  electrical  connections  to  weapons,  handling  bare 
squibs,  primers,  blasting  caps  or  othsr  EED's  having  lead  wires. 

Similarly  Figures  (5)  and  (6)  show  numerical  dsflnitlons  of 
ths  rf  fields  considered  hasardous  to  fully  aesendblsd  weapons. 
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The  need  for  niore  effort  on  the  theoretical  aspects  of  the 
HERO  problem  has  long  been  recognized  but,  as  stated  above,  we  have 
been  faced  with  the  urgent  requirement  of  proving  out  weapons  in  their 
anticipated  shipboard  E-IR  environments  and  providing  interim  guide  linos 
for  Fleet  Operation.  However,  some  studies  have  been  initiated,  and 
much  usefilL  information  has  been  obtained  in  the  areas  of  predicting 
the  EMR  environment  adjaeoit  to  deck  edge  antennas,  detennining  aircraft 
armament  circuits  response  in  high  intensity  EMR  fields  and  the  coupling 
of  rf  energy  into  weapon  circuits.  Hie  latter  has  been  the  most  difficult 
area  because  of  the  numerous  system  variables  enco’juntercd  in  handling 
weapons  aboard  ship  and  the  statistical  probabilities  Involved  in  both 
EED  sensitivity  and  Elffi  environnant. 

A  significant  effort  has  also  been  directed  towards  the 
development  of  "generic  fixes",  (items  or  techniques  which  will  be 
generally  applicable  in  reducing  the  effects  of  EMR  on  ordnance). 

Another  phase  of  the  KERO  Program  involves  a  study  of  the 
effects  of  the  rapidly  changing  electromagnetic  fields  encountered  by 
weapons  and  associated  equipment  in  ships  during  depenning  operations. 
These  operations  occur  after  and  occasionally  between  each  yard  period 
depending  on  the  permanent  magnetism  built  up  in  the  ship.  This  "Perm" 
is  measured  on  a  degaussing  range  and  tdisn  it  exceeds  a  given  level  the 
deperming  operation  is  required.  This  operation  consists  of  cresting 
a  giant  solenoid  by  wrapping  the  entire  ship  in  a  coil  of  wire  then 
applying  approximately  3000  asqceres  dc  to  this  coil  for  short  periods 
of  time.  The  polarity  of  the  current  is  reversed  during  successive 
appllcatlo.''.s .  This  results  in  removing  or  sctisfsctorily  reducing  the 
permanent  longitudinal  and  athwsrtship  magr.etisation. 
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A  reqmrement  to  off  load  electrically  initiated  ordnance 
prior  to  depermlng  was  established  because  of  anticipated  hazards  from 
the  deperming  fields. 

The  magnitude  of  the  fields  and  the  rates  of  change  of  these 
fields  during  deperming  "shots"  have  been  measured  on  several  types  of 
ships  and  at  various  locations  such  as  missile  ready  service  magazines 
and  checkout  areas,  inside  above  deck  launchers,  etc. 

Fields  of  similar  or  greater  magnitudes  have  been  generated  in 
a  laboratory  facility  with  instrumented  weapons  and  the  effects  measured. 

To  date  none  of  the  weapons  tested  revealed  any  deleterious 
effects  due  to  deperming  and  they  have  been  removed  from  the  list  of 
weapons  requiring  off  loading.  This  is  gratifying  since  the  impact  has 
been  to  remove  existing  restrictions  at  a  considerable  saving  in  labor 
costs  and  time. 

The  overall  level  of  effort  cf  the  HERO  Program  has  doubled 
since  the  first  HERO  Congress  and,  in  addition  to  the  in>house  effort 
contracts  have  been  issued  to  various  research  and  development 
establishments. 
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3.  THE  mFSWC  approach  TO  THE  EMR  HAZARD  PROBLEM 
Lt  Raymond  J.  Hengel 
AFSWC,  Kirtland  AFB,  Albuquerque,  N.M. 

Since  AFSWC  Is  a  late  entry  into  the  study  of  EHR  problems,  a  great 
deal  of  data  is  available  for  making  a  preliminary  survey.  Full  use  is 
made  of  existing  data  and  corollary  situations  in  making  an  EMR  evaluation 
of  a  new  system,  in  order  to  minimize  the  actual  test  requirements.  We 
presently  have  no  facility  and  must  therefore  draw  on  other  agencies, 
such  as  NWL  for  some  tast  support,  to  run  complete  tests.  However,  we 
have  conducted  tests  associated  with  the  on*board  radiators  for  the 
8-S2  and  B>S8> 

One  technique  for  anaiyzing  the  EMR  hazard  problem  of  an  existing 
location  is  to  use  a  layout  of  the  area  of  Interest,  listing  of  associated 
weapons,  and  a  knowledge  of  the  power,  frequency  and  antenna  characteristics 
and  location  of  the  radiating  equipment.  When  aircraft  are  Involved, 
knowledge  of  the  on-board  RF  equipment,  to  include:  frequency,  power, 
mode  of  operation  and  antenna  details,  such  as  type,  location  and  gain, 
is  used  in  making  the  analysis.  This  information  it  then  applied  to  the 
weapons  in  their  various  configurations.  From  this  we  determine  if: 

A.  No  hazard  exists 

B.  The  expected  levels  fall  in  a  region  vdiere  the  expected  response  is 
uncertain. 

C.  A  hazard  is  a  likelihood. 
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The  action  to  A,  is  obvious.  Based  on  the  particular  situation  associated 
with  6  £  C,  you  can  either  establish  restrictions  on  use  of  the 
offending  equipment,  or  conduct  tests  to  answer  the  uncertainties. 

A  report  that  has  been  of  considerable  use  to  us  is  "EMR 

Environmental  Measurement  Requirements  for  Nuclear  Weapons".  Tiiis 

is  the  result  of  a  study  conducted  under  the  auspices  of  the  "Ad  Hoc 

Group  on  Weapon  Susceptibility  to  EMR".  We  have  repeatedly  used  the 

"upper  limit"  values  of  electramagnetic  field  for  safe  assembly  and 

dis-assembly  operations  as  our  conservative  estimate  to  evaluate  a 

given  situation.  (Fig.  I)  In  many  cases,  even  assuming  the  worst 

possible  conditions,  the  field  strength  values  fall  well  below  even  this 

conservative  curve,  which  is  based  on  matched  dipole  conditions  connected 

to  unprotected  squibs.  This  has  proved  most  valuable,  however,  this 

approach  cannot  be  either  the  final  or  most  accurate  method  of 

determining  EMR  hazards.  This  is  an  extremely  conservative  criteria, 

and  if  these  levels  could  not  be  met,  we  have  to  request  that  the 

envl ronmsntai  conditions  be  better  defined.  Where  no  directly  related 

data  is  available,  as  in  the  case  of  the  MK>4  F.V,  end  exposure  was  a 
test 

reality  we  estabi ished/requi rements,  which,  in  this  instance,  were  run 
for  us  by  WiL. 
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As  an  example  of  a  situation  involving  an  external  environment, 
the  Sandia  Corporation  assisted  us  in  conducting  an  analysis  of  the 
EMR  hazard  at  two  overseas  locations.  Ai i  of  the  RF  data  from  the 
sites  was  compared  with  the  RF  field  levels  that  are  considered  "non 
damaging  levels"  for  performing  bomb  assembly,  dls'assembiy  and  test 
operations,  as  wei i  as  loading  and  unloading,  in  aii  eases  the 
existing  RF  field  never  exceeded  the  allowable  level.  Since  aii 
frequencies  were  found  to  be  non-damaging  by  this  'Viorst  condition" 
method,  it  was  reasonable  to  assume  that  no  hazard  existed,  and  the 
situation  could  be  certified  without  the  necessity  of  conducting 
tests. 

All  on-base  RF  equipment  having  a  power  of  50  watts  or  greater 
were  considered  as  being  a  potential  hazard.  The  locations  where 
field  strengths  were  calculated  were  selected  to  be  points  in  the 
loading,  storage  and  transportation  routes  where  the  highest  field 
strength  would  likely  be  experienced.  Certain  assumptions  were  made 
as  follows: 

(1)  For  communication  systems,  antennas  were  assumed  to  be  of 
the  halfwave  dipoie  type,  vertically  oriented. 

(2)  The  gain  used  was  assumed  to  be  with  reference  to  an 
isotropic  radiator. 

(3)  Existing  structures  between  the  RF  emitters  and  the  weapon 
storage  or  loading  areas  wera  assumed  to  not  shadow  or  reduce  the 
field  strength  at  aii. 
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(4)  The  far  zone  of  the  radiated  field  was  assumed  to  begin 
One  wave  length  from  the  antenna. 

(5)  Since  the  thermal  time  constants  of  the  weapon's  EED's  are 
considerably  longer  than  radar  pulses,  the  average  radiated  power  from 
radars  is  used. 

(S)  For  positions  having  more  than  one  transmitter,  (i.e.  control 
towers)  that  can  radiate  simultaneously,  the  combined  power  output  of  all 
transmitters  operating  simultaneously  is  used  In  calculating  the  effective 
field  strength.  V/e  realize  this  is  a  highly  lnH>robabla  situation,  but 
yet  this  is  the  worst  possible  condition  that  could  occur. 

(7)  The  calculated  field  strengths  are  compared  to  non-damaging 
levels  for  EED's,  having  100%  no  fire  current  of  100  ma. 

The  resultant  calculated  field  strengths  were  plotted  on  the  curve 
of  field  strength  limits  during  assembly  -  dls-assembl y  of  weapon  systems, 
and  It  was  found  that  ali  fell  well  below  the  allowable  values,  as  a 
function  of  frequency. 

The  previous  example  was  one  entirely  concerned  with  the  external 
environment.  Vie  also  have  situations  involving  the  on-board  RF  equipment. 
The  RF'IOI  aircraft  and  Its  associated  armament  Is  an  example  of  this 
si tuation. 

In  response  to  a  query  concerning  the  adequacy  of  safety  in  the  RF-IOI 
system,  AFSViC  requested  Identification  to  include  power,  frequencies, 
antenna  type  and  location  for  all  RF  sources  of  the  RF-IOI  system. 
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The  following  list  was  furnished: 

(a)  RT~263/ARC-34  frequency  range  is  225>0  to  399*9  one  blade 
antenna  on  split  vertical  camera  door  and  one  fin  cap  on  the  tall 
section,  5  to  20  watts  output. 

(b)  AT-220/ARN-2 I  range  962  to  1213  HC,  blade  antenna  center 
fuselage  door  106,  2.5  output. 

(c)  RT*279/APX*25  range  1030  to  1090  MC,  bla^  antenna  nose 
section  door  1021.  and  R,  60  watts  naxIoNM  output. 

(d)  RT-i60/APN-22  frequency  400  HC,  115  volts,  AC  and  28  volts  DC, 
flush  mounted  antenna  nose  section  door  iOi,  1.5  watts  output. 

(e)  RT*’395/APN>i02  8800  HC,  flush  mounted  antenna  forward  fuselage 
peak  500  watts  average,  10  watts  output. 

Based  on  this  Information,  In  the  meaner  detailed  earlier,  we  were 
able  to  state  that  there  should  be  no  weapon  EMR  hazard  astociated  with 
the  listed  on-board  equipment,  even  If  the  equipment  should  be  operated 
during  the  loading  process.  This  is  readily  apparent,  using  our  previous 
curve,  (Hg.  #i)  as  the  high  powered  transmitters  are  ail  in  the  1000  HC 
range,  high  on  the  curve  and  the  lower  frequency  transmitters,  in  the 
susceptible  region,  are  low  power. 

In  many  Instances,  sufficient  data  has  been  gathered  so  that  we 
can  draw  correlations  between  systems.  However,  there  are  certain 
precautions  that  must  be  taken.  For  example,  we  mutt  make  sure  that  we 
are  correlating  between  similar  systems:  e.g.  fighter  systems  and  their 


3-5 


I 


I 


I 


on-board  equipment  cannot  be  used  in  determining  hazardous  conditions 
involving  bomber  systems  with  entirety  different  on-board  equipment  and 
locations.  It  is  well  established  that  the  particular  geometry  of  a 
system  is  important. 

Thus,  in  the  two  cases  cited,  both  for  on-board  equipment  and  for 
external  environment,  without  performing  any  tests,  but  using  only  readily 
available  data,  determinations  of  the  EHR  hazard  problems  were  made,  it 
was  established,  in  both  cases  cited,  that  no  hazard  existed,  therefore, 
saving  the  time  and  expanse  of  running  tests.  We  do  not  mean  to  imply 
that  tests  are  not  meaningful,  but  this  method  as  a  preliminary  evaluation 
can  determine  if  they  are  necessary. 

We  plan  to  have  at  the  Air  Force  Weapons  Laboratory  an  EMR  mobile 
facility  designed  to  be  used  to  evaluate  the  effect  of  EHR  environments 
on  components,  sub-systems  and  complete  systems  in  use  or  planned  for  use 
by  the  USAF.  This  will  be  used  either  when  our  method  of  preliminary  analysis 
determines  that  testing  is  necessary,  or  when  no  directly  related  data  is 
aval  table. 


RF  Fmi9UCI»C« 

mjm  I  ^1.0 tmuMTM  lwiti  ocmitts  trtrtMs 


3-6 


ABSTRACTS  -  SESSION  II 


6.  Variables  Involved  in  HERO  Teating  L.  J.  Lysher 

The  amount  of  energy  transferred  from  a  transmitting  antenna  to  an  electro- 
explosive  device  in  a  weapon  is  dependent  upon  many  variables.  This  paper 
discusses  some  of  the  known  variables  that  must  be  considered  in  evaluating 
the  electromagnetic  radiation  susceptabllity  of  a  weapon.  The  variables  are 
considered  to  exist  in  three  major  areas;  wei^n  configuration,  'mvlronasnt 
and  handling  operations. 


7.  RF  Susceptibility  Testa  of  Tvne  19  Spotting  Device  (U)  Richard  <J.  Aaron 

Tests  were  conducted  to  determine  the  RF  susceptibility  of  the  TtP* 

Spot-clng  Device  to  dudding  and/or  initiation  under  field  conditims.  The 
sensitivity  of  the  detonator  used  in  this  device  to  RF  and  DC  was  deteradned 
in  the  laboratory  tdiile  instrumented  devices  capable  of  detecting  the  relative 
ten^rature  of  the  brldgewire  were  constructed.  These  were  subjected  to 
various  RF  environments  after  assembly  to  the  missile.  Test  results  are  given. 


8.  Vulnerability  of  the  M6  Electric  masting  Can  to  Missile  Theodore  Warshall 
System  Radars  (U) 

Laboratory  and  field  tests  are  described  which  were  conducted  to  determine 
if  the  M6  Eleetrt-e  Blasting  Cap  is  vulnerable  to  the  radars  of  a  missile  system. 
The  results  of  the  tests  are  summarised. 


9.  Picatlnny  Arsen^  Theoretical  Analysis  of  RF  Vulnerability  of  Richard  C.  Sats 

>fMPgn  saatmuTu) 

A  theoretical  analysis  of  typical  missile  antenna  configurations  will  be 
discussed  with  respect  to:  antenna  characteristics,  extracted  power,  akin 
effect,  loads, etc.,  including  formulas,  definitions  of  terms,  references  and 
assunqstions.  An  RF  safety  probability  analysis  of  warheads  will  be  discussed. 
Philosophy  of  these  analyses  will  be  discussed  with  respect  to  usefulness, 
present  and  future,  in  evaluating  the  susceptibility  of  a  weapon  to  EMR. 


10.  ffisaile  with  Attached  tM>llical  Cable  as  a  Roceiving  Charles  W.  Harrison,  Jr. 
Antenna 

In  this  paper  principles  of  antenna  analysis  are  applied  to  estimate  the 
magnitude  of  undosired  radJ.o-frequeney  current  along  the  skin  of  a  rodcet  on 
the  launching  pad,  with  umbilical  cable  attached,  due  to  a  plane  wave  incident 
field.  In  the  ready  state,  such  systems  are  only  partially  shielded  from  the 
electromagnetic  field  environment,  and  form  effective  receiving  antennas. 
Radio-frequency  energy  may  be  fed  to  sensitive  electroexploslve  initiating 
devices,  resulting  in  spuilous  operation,  or  malfunctioning. 
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11.  Radio-Frequency  Leakage  Into  Missiles 


Charles  W.  Harrison,  Jr. 


Sunnary:  This  paper  treats  the  idealized  problem  of  RF  energy  leakage  through 
a  slot  in  an  infinite  cylinder  as  a  perturbation  on  the  scattering  problem  for 
the  same  object  with  no  slot.  It  is  shown  that  interior  rtaponm  depends  on 
three  factors:  the  exterior  skin  c:u*rent  density  from  the  scattering  problem, 
the  transmitting  admittance  of  the  slot,  and  an  eigenfunction  expansion  of  the 
interior  field  when  unit  voltage  is  increased  across  the  slot.  It  is  then 
proposed  that  the  form  of  this  solution  may  be  aj^llcable  and  conceptually 
useful  in  treating  other  problems  either  theoretically  or  ex(.«rlawntally. 


13.  Analysis  of  Resaonse  of  Thermocounle  Instrumented  Devices  to  Short- 
Pulse  Transients  Richard  K.  Fry 

D.  Boyd  Baiker 

With  the  assusqptlon  that  the  bridgewire,  thenoocouple  and  recording 
Instrument  behave  as  successively-coupled,  linear  systras,  their  response  to 
short  pulses  of  energy  into  the  bridgewire  was  determined.  This  model  and 
its  verification  make  possible  the  calibration  of  instrumented  devices  to 
recover  pulse  energies  and/or  bridgewire  temperatures  from  the  output  of  the 
recorder. 

U.  Methods  of  Measuring  RF  Power  at  a  Given  Pbint_in_a  Noman  P.  Faunee, 
High  Loss  System  Fbul  F.  Mohrbaeh 

George  H.  McKay 
Robert  W.  Wood 

When  losses  in  an  RF  transmission  line  are  high,  and  especially  when  impedancec 
are  widely  adsmatched,  it  is  difficult  to  determine  power  at  a  particular  point. 
Three  methods  are  outlined,  to  do  this.  (A)  Voltage-Impedaneei  RF  voltage 
and  complex  Impedance  are  determined  at  the  desired  point |  from  these,  power 
can  be  computed.  (B)  Differential  Power:  Directional  couplers  are  used  in 
measuring  power  toward  and  away  frMi  the  load{  the  difference  is  the  net  power 
transmitted.  (C)  Voltage  Max-Kin:  Standing  voltage  waves  are  measuredi  knowing 
load  resistance,  power  can  be  ccnpited. 


IS.  Deterrination  of  Response  of  RF  Insensitive  Devices  Norman  ?.  Paunce, 

Paul  F.  M^ubach 
George  H.  McKay, 
Robert  W.  Nbod 

Usually,  each  class  of  RF  "fix"  requires  a  new  testing  procedure,  and  new 
evaluation  teehniqueb.  This  paper  discusses  some  of  the  special  problems. 

One  problem,  in  particular,  is  the  determination  of  true  attenuatim,  ^ 
dissipation  of  p^r,  as  distinguished  from  inserticm  loss,  or  reflection  of 
power. 
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6.  HSaO  Yarlatlee  M»a  Twt  BaellltlMi 
L.  J.  Igraher 

(  U.  S.  XkVftl  Vei^oiut  Ubontorjr 

Dihlsnn,  Virginia 

nroowcnwi 

ne  aaouttt  of  energx  transfanad  froi  a  txaamttlBg  antanna  to 
an  elactroo^^loalYe  darlee  (SB>)  In  a  vaafon  is  aepes^Hnt  upon  aaiqr 
rariablas.  Ibasa  rariablea  aait  ba  Idantlflad,  aaslBad  and  aal#Md 
In  tha  avaluatlen  of  vaapon  sjrataB  auaeaptibllltp  to  alaetreaagDatle 
xadlatlon.  ITaa  nuiter  of  aariablea  la  qfAlte  larga;  only  thoaa  oonal* 
dartd  noat  laportant  will  be  diaeuaaad  taxa.  Ska  varlablaa  aay  ba 
diridad  Into  thxaa  Mjer  groupa;  (l)  aaapcn  ecaflparatleB,  (8)  kaitClng 
opaxatlona  and  (3)  enrlroaaaBt. 

«AP0i  COPMOWBaoi 

She  aaouttt  of  energy  tzanafarrad  to  an  BD  la  dependant  open  tha 
diazaotariatlea  of  the  aaapen  In  whldt  It  la  a^pkpadi  tha  affhet  of 
!  thla  anargy  la  dapandant  upon  tha  firing  anargy  rapxlwanta  tt  tha 

BD.  Sha  partlaant  aaapon  eharaatarlatiea  Inelada  etnriitxy^  eoapllBg 
faeton  bataaan  dreolta,  axtanal  (to  tha  aaapon)  edblaa*  poata> 
opanlnga,  ate.  In  Beat  eaaaa  It  la  not  pmctieaX  to  wtnpolata  fm 
ena  aaapoo  type  to  another  baeaoaa  HaU.  Uffaraneea  mv  aauaa  larpa 
ehanpM  la  the  if  raapcnaa  of  tha  aaapon.  Za  fnet,  eaw  Boat  ba  tohn 
la  aatnpolatioa  of  zaaulta  froa  ooe  aoapoa  to  another  of  tha  staa 
^ppa  baeauaa  of  production  dlffaiaaeea  betaaan  anlto  (l.a.,  loentlon 
of  wlroa  In  a  bundle  alth  raapaot  to  each  siher).  Incladad  aa  a  part 
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of  the  ve^oo  tTitea  Is  the  IjMsidilns  vdiiele;  i.e.,  elrantft, 
launcher,  etc. 

Ihe  effect  of  a  glten  level  at  energjr  in  ea  BS  dreult  Is 
Obvlottslr  dagpentent  upon  the  flriaf  eaernr  re^iilwents  of  the 
putieular  B9.  (ftille  It  is  true  that  a  hl|fi  easrsr  BB  asgr  aot 
he  affected  as  eneh  as  a  lev  enexor  one  hx  a  specified  eanut  at 
enertx,  l^edaace  ^aapis  eust  he  ecBsldned.  Ste  amtgf  indaned 
in  the  hi|h  eneigp  BD  aex  he  (teeter  than  in  the  lev  enexar  aoa 
heoanse  at  an  Ispadoace  choa(B« 

MMBgJB  OIBBieB 

thexe  axe  ■saj  variebles  irtiidi  axe  not  aeeeeieted  vi'tit  eithev 
the  weapon  eonfifaxetloa  (as  defined),  or  the  eanrlMeasBt,  hut  axe 
eoneemed  with  opexatioas  whldi  axe  pexfoaad  vpaa  the  weepon.  thsee 
laolttdi  txeaBort,  headline,  testiaf,  loadlnj  sfeeaxd  aixexaft,  ate. 
AU  possihla  epsMtioaa  eanaot  he  iavaeti«kted;  hosewer,  these  which 
axe  llkeljr  to  oeeur  aast  he  iaveetUhtad.  Ihe  Mce  iBWtanifc  of 
thaee  will  nov  ho  eoasldexed  laaividueUr. 


Vhea  testing,  all  opexatioas  that  axe  aoieally  pexfaxasd  aadsr 
opexetleBal  oeadltleas  when  the  weapea  Is  la  ea  eleotvoengeetle  field 
ehould  ho  perfosiH  or  slnalatod.  Also,  evexetloBS  that  axe  not  Ber> 
aitUx  pexfoxaed  hut  whldi  axe  peosible  (fUr  eMgple,  eoBaeetiag  aa 
uBUloal  ehble  hefoie  xaeking.  If  the  boxmbI  prooedere  is  to  xaek 
hofexe  eoaneetlag)  eheald  he  porfexaed  during  toots,  the  ■art— 
.It— Mm  eaexB  for  ehnoieal  opsxetleae  depends  upoa  the  pedhthiUtp 
that  the  opexetlaa  in  dwotlen  aliht  he  peifo—t. 
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Variation  of  Induced  Current  Unflar  Idcptlcal  Te»t  Ccndltlona 


It  ha?  been  found  that  if  an  operation  euch  aa  connecting  an 
umbilical  cable  is  repeated  under  identical  conditions  of  rf  source 
frequency  and  paver,  distance,  vei^on  orientation,  etc.,  a  set  of 
data,  rather  than  a  single  value  of  induced  current  is  obtained. 

This  characteristic  is  present  in  all  cases  vherein  the  induced 
current  is  of  short  time  duration  and  Vhtre  contact  is  made  or  broten 
sonewhere  In  the  weapon  system.  In  seme  eases  a  gra^  of  the  dlstrl- 
butiou  of  the  induced  current  approaches  that  of  a  normal  distribution 
curve;  however,  in  other  cases  tlM  distributions  range  frcn  slliditlT 
skewed  to  multimodal. 

Transmitter  to  weapon/aircraft  Distance 

The  transmitter  to  weapon  distance  affaets  the  induced  currant,  but 
not  in  a  tlaple  relationship.  In  tbs  "far  field"  tha  field,  and  hanea 
the  induced  current,  varies  Invarsely  as  tha  distance  from  tha  aatenna; 
in  the  "near  field",  and  near  dlsccotlnultlaa  such  aa  a  deck  edge,  this 
rule  doea  not  hold  tmiaj  as  lavft  a  field  map  be  ^nd  100  ft  frem  tha 
antenna  as  tau  ft  frem  tha  antenna.  If  a  uniform  field  exists  around  the 
tost  objoot,  the  tsst  results  m^r  bo  axtsapolmtad  to  any  given  field  atraagth, 
and  any  oonrenlant  "far"  dlstanea  can  be  used  for  the  taste  (vithla  tha  llmita 
of  detection  senaitivity).  TUs  extrapolation  is  not  corraet  in  tha  case  of 
woapons  vary  near  co—mlcationa  antennas.  Qbdsr  this  condition  ths  tost 
dbjsot  is  not  imasrsod  In  a  unifoaa  fiald;  la  fact,  the  effket  of  tha  ta* 
dieted  field  may  be  aaeondary  to  that  of  tha  Indnetion  field.  In  order  to 
aaka  stateaenta  regarding  ths  susoeptlblUty  of  a  vaepen  located  vary  near 
aa  antenan  actual  testa  must  tharafora  be  conducted  at  suoh  diataacat. 
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Weapon/alreraft  Orientation 

The  orientation  of  the  weapon/aireraft  canhination  with  respect  to 
the  transmitting  antenna  is  very  important,  particularly  at  vavs  lengths 
cooparahle  to  or  smaller  than  the  maxlmuB  dimensions  of  the  aircraft. 
This  orientation  sensitivity  is  discussed  in  DWL  Report  Ho.  1787,  The 
Antenna  Chazacteristics  of  an  Akns  Aircraft  (U)  by  Harry  P.  Bird.  It 
is  therefore  essential  when  eoedueting  tests  adequately  to  investigate 
sufficient  orientations  to  assure  that  no  maximum  points  have  been 
omitted.  At  frequencies  below  26  Me,  increments  of  90*  rotation,  and 
above  200  Me  Increments  of  15* >  are  ordinsurily  adequate  to  determine 
trends  in  the  induced  current  versus  orientation  function;  much  smaller 
increments  are  required  unless  only  trend  information  rather  than  megni* 
tude  of  marl  me  is  required. 

Oroundins 

It  is  not  possible  to  ground  an  Object  at  rf  frequencies  in  the 
same  sense  as  a  ground  can  be  provided  at  de;  however,  it  is  possible 
to  provide  a  low  impedance  path  for  rf  current  at  soma  frequencies . 

For  coitvenlence,  however,  1  will  speak  of  grounding  in  the  sense  of 
simply  joining  two  points  with  a  metallic  conductor. 

Grounding  the  aircraft  and  grounding  the  weapon  must  bo  considered 
separately.  Grounding  of  the  aircraft  to  the  deck  normally  dees  not 
increase  the  hasard;  however,  it  may  cause  a  shift  la  the  frequency  at 
which  current  is  induced  in  an  B!D,  thereby  reducing  the  hesard  at  sons 
frequiacios  and  increasing  it  at  others.  In  the  ease  of  the  weapon 
this  is  not  necessarily  true;  in  may  instances  one  side  of  the  firing 


circuit  Is  eoineetei’.  to  the  veap<m  skin,  and  when  the  WM^on  Is  grounded 
a  convenient  patn  Is  provided  for  the  return  of  the  rf  current  to  the 
deck.  In  loading  the  weapon  on  an  aircraft  It  Is  possible  that  the 
weapon  nay  be  grounded  to  the  deck  either  intentionally  or  inadvertently, 
for  exaa^le,  by  a  bomb  truck  or  pertonoel  touching  'Uie  weapon:  hence,  it 
is  necessary  to  conduct  tests  with  the  weapon  grounded  and  ungrounded. 
Auxiliary  nowar  supply 

Auxiliary  power  sources  (external  to  the  aircraft)  are  used  for 
•ircraft  starting  and  check-out  functions.  With  the  power  source  connected 
to  the  aircraft,  the  rf  configuration  of  the  aircraft  ie  changed;  conse¬ 
quently,  the  If  susceptibility  of  a  weapon  loaded  or  being  loaded  on  the 
aircraft  is  changed. 

ZNViacaMBIT 

The  test  emrlronsente  must  be  either  the  actual  envlroneent  to  which 
the  weapon  will  ho  exposed,  or  one  that  can  he  extrapolated  to  that 
envlnnaent,  eince  it  is  the  weapon's  peifoxasnce  In  the  actual  envlron- 
aent  that  auit  he  evaluated.  The  iapcrtant  snvlyoBaetttal  vartablet  will 
now  he  considered  individually. 

Tranealtter  Ibwer 

The  current  induced  in  en  BS  Is  proportional  to  the  s«iaz«  root  of 
the  antenna  power  if  all  other  variables  ere  constant.  Any  convenient 
power  level  cen  ho  used  and  the  results  extrapolated  to  iny  other  power. 

A  critical  fkctor  is  the  threshold  of  detection  of  the  device  need  to 
neaeure  the  Induced  current.  The  inetruaentatlon  presently  being  used 
by  nWL  has  a  threshold  of  approxlMtely  5  percent  of  the  HI)  nnxiM 
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no>£lre  current;  if  the  tnmsBltter  p'wer  used  does  not  produce  a  current 
greater  than  this  aaount,  extrapolation  is  not  poeelhle.  In  practical 
usage.  It  la  heat  to  use  rf  poeers  that  keep  the  Maxlaua  Induced  current 
Just  helcw  the  upper  Halt  of  the  detection  eyetea.  fo  detezalne  If  the 
weap<m  can  he  handled  with  lapunlty  ahoaxd  ship,  the  test  results  Mist  he 
extrapolated  to  powers  or  fields  expected  siboard  ship.  If  field  strength 
values  are  to  he  extrapolated,  the  m^erturhed  test  site  field,  (that  Is 
the  field  without  the  weapon  and  aircraft)  should  he  Masored.  Vlth  the 
test  site  fields  and  the  fields  existing  ou  hoard  Ship  snrallahle,  ths 
■a^iltude  of  induced  currents  to  he  expected  in  ordnance  ahoaxd  ehlp  can 
he  readily  ecaled  for  a  given  set  of  test  conditions. 

Transaltter  Freoueney 

Thsrs  are  several  variahles  that  are  functions  of  fre^Mncy;  these 
Include  weapon  igpedance,  antenna  ehaxaeterlstlcs  of  the  aircraft  and 
weapon,  and  coupllag  hetwaen  (wiring)  elreulte  of  wei^on  and  aircraft. 

For  this  reason  the  optlMM  test  would  he  to  scan  the  complete  fMfiieaey 
spectruB.  Since  tests  at  ths  higher  rf  powers  Mist  he  conducted  at  dlo« 
crate  freqiienolss,  the  weapon  can  he  evaluated  at  only  a  finite  nusher 
of  fre^Nnoles.  Because  of  the  frstpienoy  dependanea  of  aany  of  tbs 
weapon/aircraft  variahles,  current  any  he  Induced  only  over  a  certain 
freq^cy  hind  or  hands.  Tae  susceptlhlUty  handwldth  or  Q  of  a  weapon 
systea  will  dictate  the  slse  ot  test  frequency  incraasnts.  Vhan  frequency 
allocations  prehlhlt  selactloo  of  optlMSsly  spaced  test  frequencies,  the 
test  results  aust  he  corrected  hy  weighing  the  data  relative  to  the  waa* 
poo  q.  It  any  also  he  neoeosaxy  to  suppleasnt  an  assuasd  Q  hy  tests  to 
deteralne  idiers  response  peeks  lie  in  the  frequency  speetruM. 
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Beflectlopg 


EleetroMenetle  energy  Is  reflected  tjr  ■etellie  objects;  hence  reflec¬ 
tions  oust  be  eonsldiexed  vhen  conducting  tests  end  establishing  ecceidiable 
induced  current  levels.  Beflections  should  be  avoided  or  at  least  not 
pexaitted  to  baccM  one  of  the  unkncwn  varlhbles.  Should  destructive 
interference  between  the  incident  and  reflected  waves  occur,  the  resul¬ 
tant  field  at  the  site  of  the  device  under  test  could  be  eudi  loner 
than  the  unperturbed  field.  Wien  estdbliehlng  accepteble  induced  cur- 
nct  levels,  the  opposite  condition  (l.e.,  enhaneeaest  of  the  field) 
nus>.  be  considered  since  it  is  quite  possible  to  find  areas  bboard  ship 
where  interference  hee  doubled  the  unperturbed  field. 

wn,  caoqro  na  ncoxa 

3he  fround  plene  faeility  provldee  a  eeane  of  oonduetliic  teete  under 
oontrollei  eonditione  and  provldee  flexibility  that  cannot  be  achieved 
in  field  or  ehlpboard  teetlng.  It  lende  Iteelf  to  the  elaulation  of  a 
vide  range  of  eerriee  eonditione  for  the  acceepugiBiBt  of  prtlialnaxy 
eveluatione  end  for  vnrieue  Bit  reeeerch  projeeta.  Zt  aleo  provldee  a 
lebormtoiy  for  raeoarA  on  entanna  theory  and  field  atrangtb  MeaureMBte 
and  dlatrlbution.  tlba  turntable  Ineoxporeted  is  the  grousd  plesa  lehea 
it  poaelblc  to  reedily  exalM  the  effaeta  of  aalanth  ehengea  in  the 
weapon  during  lllvertiiation  by  the  rf  eoureat. 

Ztaa  ground  plena  dedc  la  oonetrootad  of  lA  iBdi  atael  plate,  welded 
into  e  oontlaaoua  eheet  (2iiO  ft  by  100  ft)  alaulattag  the  deok  atrueture 
of  e  navel  veaael.  It  ia  capable  of  anppostiiig  loede  of  up  to  10  tone 
per  equaxe  foot.  Ml  ground  plane  power  oablee  and  coaxial  oabloe  are 
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located  underground.  Tledowu  and  grounds  are  provided  for  airexmft. 
The  ground  plane  is  grounded  around  the  periphery  to  6  ft  ground  rode 
located  at  20  ft  intervale. 

The  turntable  is  a  steel  dlee  1$  ft  in  dlaaetei'  located  SO  ft 
froak  one  end  of  the  ground  plane.  It  vae  eonatrueted  by  inverting  a 
S"/5^  gun  aount  and  ha«  a  load  cavity  of  1$  tons.  It  can  rotate 
eaotlnuouBly  about  an  axla  perpendicular  to  tba  grauad  plane  In  either 
direction  at  apeeda  froa  0  to  rja.  The  tumteble  is  electrically 
uriven,  end  ney  be  operated  froa  eontrole  located  in  a  pit  netor  the 
ground  plane  or  elnllar  eontrole  located  la  an  ikdjaoent  haagar. 

Txansalttlng  eqalpamt  ordinarily  a^^loyed  In  BBIO  toetlng  at  ML 
Includea  egulpaenta  operating  in  frepieacy  hende  fraa  100  ke  to  10,000 
Me. 

Theee  epilpMata  are  operated  at  apot  frepwoelee  aaalffiad  to  the 
Xaval  Wtapoaa  Laboratory  by  the  Chief  of  Kaval  Oparatlone  for  MRO 
testing  at  full  porcr. 

IMtBIlWMBIg  MPIWPtt 

Hr  pomr  density  and  field  IntsMlty  aNHuranmte  ere  condneted 
during  tests  on  the  ground  plans  fhellity  to  deteralno  the  negiltkide 
of  the  electroBBVietie  fields.  AatSBDa  ^t*********  ■MeuraaeaU  ere 
Beds  prior  to  testing  end  ere  ueed  la  detenrinlng  the  mdleted  power 
of  the  traaaidtter.  The  field  lafWantleo  le  ueed  in  oonjunetton 
vlth  test  records  of  the  lastrvaented  XEDs  vltbla  the  weapon  la  evelae* 
ting  the  teet  results.  HMSurlng  eptliwat  is  evelleble  for  field 
Intensity  sad  Ispadsaes  asnsunasnts  tbrougbout  ths  ooivl*^  frepiNaey 
reafi  to  10,000  Me. 
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nw  detenrimtion  of  tbs  effeets  of  tht  vorlou*  ttit 

voriobles  ra9iixes  ttet  the  eaotmt  cf  if  enerur  induced  in  the  EID  he 
BBMoxed.  Vhen  lestaUing  the  inatiuaentatloD  to  oeasaie  induced  enei^, 
ereiy  effort  ie  nude  to  avoid  peituihing  the  if  leeponse  of  the  eeaven; 
particular  care  is  taken  to  avoid  cxcatlac  nev  paths  of  eatip’  for  rf 
eoerggr.  It  Is  not  poeelbla  to  Install  lastiuantatlen  vithent  aaklnd 
sooe  divBges  in  the  «e^^;  this  fhet  Must  he  eoesldexed  ehen  enalpiing 
test  results. 

Several  types  of  BED  siaulatois  have  been  or  an  helng  used  to 
■easun  the  eumnt  induced  in  the  BBDs.  fhe  siaulator  used  aost  in 
HBRO  tests  at  Oshlcren  is  the  thezBoceo^  develeptd  hp  the  Suner 
Beseareh  Institute.  This  lastiunntatlon  uses  an  acturd.  BED  base  and 
hridfe  vin  assei*lp  without  ei^losives.  fbe  thexaooouple  eUaent  is 
located  near,  hut  not  toiichlm  the  brid«nrin.  Ihis  unit  is  ea^paet 
and  can  be  aounted  in  alaost  all  places  in  a  ve^'/oa  oeoutied  bp  real 
BBDs.  ne  ou^ut  fMB  the  sfiSb  siaulaten  aw  fed  via  shielded  leads 
into  recorders  or  dlnet  reading  astsra  whiai  an  ealihrabad  hefom 
and  after  testa. 

The  reeoiden  vhidt  an  used  with  the  sqplh  siaulaton  include 
eonventioaal  oselUoinph  gslvanoaster  '^pe  neerden,  niniatun,  self- 
contained  tape  ncorAcn  developed  by  Bdsaids  ftigineering  Co.,  and  also 
a  saall  eplindrieal  oselllociapb  neosdar  teveloped  at  the  Raval  tfeapons 
Uboratoxp.  The  NL  ncordsr  is  an  eight  channel  recorder,  opllndrieallp 
shaped  k  l/2  inches  in  disaster  bp  19  inches  long.  With  battexp  padi 
it  aeasuns  $  indies  x  4l  inches  long.  Vslng  19D  ft  of  recording  paper 
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(at  0.33  inch  per  second),  a  recording  tine  of  about  90  nlnutea  la 
obtained.  In  those  veapona  which  are  too  snail  to  aceonodate  recording 
equipannt,  a  shielded  dc  chopper*eavllfler  dereloped  by  ML,  Sahlgmn 
for  use  in  aavlifying  themocoufle  output  fr«n  s«iib  slnulatora  la 
eg^loyed.  Hw  aa^lfler  neasures  1  l/s  Inehas  la  dlMetar  by 
Inches  long.  The  oitput  of  the  anpllfler  nay  be  noeitored  by  conven¬ 
tional  dc  meters. 

CCBCmBlOW 

We  have  now  discussed  scan  of  the  variables  that  Influence  the 
susceptibility  of  a  wei^ott,  and  briefly,  the  nsthods  and  facility  used 
at  Ilshlgren  to  detealne  the  effects  of  these  variables.  The  eltjeet 
of  testing  is  to  identify  those  ecaiblnatlons  of  variables  which  rssul- 
in  a  haaard.  Upon  identification  of  those  coablnatlons,  the  prebablU^ 
of  exceeding  any  stated  value  of  current  can  be  detoaittsd  by  tests. 

It  should  bo  noted,  however,  that  a  prohibitively  large  anouBt  of  data 
aay  be  required  to  adequately  detemlns  this  prebablUty.  When  the 
extent  of  the  hasard  has  been  found  under  the  detexalasd  set  of  ecedi- 
tlons,  as  a  separate  prehlSB,  It  Is  necessary  to  Obtain  the  prehahUity 
of  occuxTsace  of  such  coodltloes.  this  prObablUlqr  cea  be  estiaated  froa 
cperetlcnal  experience  or  froa  aetual  Observation  la  the  field  where  lha 
weapon  will  ba  handled.  One  approa^  Is  to  assuna  that  those  worst  can- 
ditlons  have  a  probability  of  one  of  occurrence,  Kid  to  detexelaa  the 
tine  Interval  In  whl^  these  conditions  are  virtually  certain  to  oeeur. 
ML  Is  presently  angegsd  In  an  intensive  precm  to  oatebUSh  procedures 
to  provlds  a  sound  nathanatleal  probability  stataaent  about  the  sesoeptl- 
bUlty  of  a  weapon  under  operational  usage,  until  the  tine  when  a 
aatbeaatlcal  statenent  can  be  nnde  after  a  pseetioal  anount 
good  engineering  Judgsant  wiU  stlU  play  an  Uvortant  part  In  deter- 
■ming  If  a  weapon  can  be  snplflyed  without  undue  fear  of  accidents  or 
serious  degredatlon  of  reliability. 
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M  MISSILE  WITH  ATTACHED  UMBIUCAL  CABLE  AS  A  RECEIVING  ANTENNA 


by 

Charles  W.  Harrison,  Jr. 

Member  of  the  Technical  Staff, 

Sandia  Corporation.  Albuquerque,  N.  M. 

Introduction 

In  this  age  of  space  exploration  it  has  become  neceasary  to  assess  the  receiving  characteristics 
of  rockets  to  unwanted  radic  signals  because  they  are  fired  by  slectroexolosive  devices  (EEDa),  If  the 
roc^et  on  its  launching  pad.  with  umbilical  cable  attached,  is  unduly  sensitive  to  the  electromagnetic 
field  environment,  a  premature  launching  might  occur,  or  a  degradation  in  parformani:e  result.  The 
unwanted  radio-frequency  field  environment  may  be  caused  by  the  operation  of  one  or  more  radio 
transmitters  in  the  vicinity  of  the  launching  pad,  by  local  thunderstorm  aullvity,  or  by  a  nuclear 

a— 0 

detonation  in  the  neighborhood, 

A  similar  problem  exists  in  the  general  field  of  ordnance.  Potter* has  written  a  good  summary  of 
the  problem  of  radio-frequency  hatards  to  ordnance.  He  says, 

"The  recent  trend  in  radar  and  communications  equipment  toward  greater  effective 
radiated  power  has  resulted  in  growing  concern  about  RF  hasards  ....  The  moat  serious 
haxards  stem  from  the  use  of  sensitive  electrically-initiated  aiqtloalve  elements,  known 
as  electro- explosive  devices  (EEOs),  which  can  be  spuriously  initiated  by  induced  radio 
frequency  energy,  EEDs  are  used  extensively  ...  to  activate  control  and  arming  devices 
and  to  initiate  explosive  trains.  Hasards  Include  both  spurious  functioning  of  the  EBD  and 
degradation  of  the  EED  reliability  or  performance  characteristics. " 

Radio-frequency  energy  is  led  to  the  EEDs  by  the  Internal  circuitry  in  the  rocket.  The  wiring 
is  activated  by  radio-frequency  leaks  through  access  doors  (slots),  anodised  perlj^eral  butts  between 
sections,  etc. ,  and  by  direct  connection  (by  way  of  the  umbilical  cable)  to  improperly  shielded  exter¬ 
nal  circuitry. 

The  basic  problem  of  radio-frequency  hasards  to  ordnance  consists  in  evaluating  the  response 
of  a  dipole  receiving  antenna  within  an  Imperfectly  conducting  cylinder  of  modest  wall  thickness  and 
of  finite  length.  Harrison  and  King^  have  demonstrated  that  for  any  conceivable  field  amplitude  there 
is  no  hasards  prcRilem  at  low  frequencies,  where  the  length  of  the  cylinder  and  radius  are  small  in 
terms  of  the  wavelength.  At  higher  frequencies  skin  effect  affords  sufficient  protection.  The  theory 
presupposes  no  breaks  in  the  rocket  skin  and  no  attached  umbilical  cable.  However,  King  and 
Harrison*  have  shown  that  the  pickup  of  a  coaxial  cable  of  sufficient  length  to  approach  resonance  at 
low  frequencies  U  surprisingly  large. 

Harrison  has  discussed  radio-frequency  shielding  of  cables  in  a  qualitative  way,*  evaluated 
approximately  the  response  of  a  loop  antenna  in  a  large  Imoerfectly  conducting  cylinder|*and  deter¬ 
mined  the  shielding  properties  of  a  circular  grating  of  finite  length^  Work  is  currently  under  way  at 
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the  Sandia  Laboratory  to  evaluate  theoretically  the  tranamission  of  radio  energy  through  access  doitrs, 
Dickinson^as  considered  electromagnetic  coupling  to  ordnance  devices,  and  some  30  years  ago  Kin/* 
obtained  the  shielding  effect  of  imperfectly  conducting  spherical  and  infinite  cylindrical  shells  at  low 
frequencies,  Thla  work  is  now  the  classic  in  the  field  of  electromagnetic  shielding. 

Radio-frequency  hazards  to  ordnance  problems  relate  tc  partially  shielded  receiving  antennas  of 
very  general  configuration.  The  solutions  of  these  problems  are  often  obtained  by  combining  methods 
of  antenna  analysis  with  suitable  arranged  experiments.  Thus  theory  complements  experiment.  If  a 
correlation  has  been  obtained  m  the  Laboratory  between  some  eeeily  mseeured  current  in  the  rocket 
and  EED  current,  and  the  former  current  can  ):«  estimated  theoretieeiiy  for  a  new  radio-frequency 
field  environment,  the  problem  is  solved. 

In  the  present  paper  it  is  assumed  that  the  relation  between  rocket  BEO  current  and  total  current 
in  the  shield  of  the  umbilical  cable  at  the  poim  of  attachment  near  the  nose  is  known.  The  theoretical 
problem  la  that  of  estimating  the  umbilical  cable  current  tor  a  specified  sleetromagnetie  field  in  the 
vicinity.  The  physical  configuration  of  the  rocket  on  its  launching  pad,  end  the  umbilical  eabla, 
resaniblas  a  folded  monopole  for  recaption.  Thia  paper  lays  the  foundatitsJ  td  s  very  gsnaral  titsory 
of  reception  by  folded  dipoles,'*  The  analysis  has  many  points  in  common  with  the  sarlisr  work  of 
Harrison  and  King  in  which  relations  for  mutual  and  self-in^edanes  tor  identical  folded  antennas  ware 
determined,' *as  well  as  the  driving  point  impedance  of  folded  dipoles  end  loops  containing  series  imped¬ 
ances  and  reactive  interconnections'* 

An  area  ot  elaetromagnatics  research  is  unfolding  where  the  objective  is  net  the  enhancement  of 
the  transmitting  or  receiving  qtialities  ot  a  given  antenna  but  the  evolvroent  ot  ways  and  means  ot  reduc¬ 
ing  the  signal  pickup  of  extended  circuits.  In  future  rocket  and  ordnance  design,  as  much  attention 
must  be  psid  to  the  radio -frequency  environmental  problem  as  .s  now  given  the  effects  of  sltitudo, 
shock,  temperature,  humidity,  etc. 


Theoretical  Considerations 

The  receiving  characteristics  of  a  symmetrically  loaded  dipole  excited  by  plans  waves  may  be 
deduced  as  follows:  The  antenna  is  driven  by  a  generator  at  its  center,  and  the  current  distribution 
l(i)  found  at  all  points  along  the  dipole  by  solving  the  integral  equation  for  the  current.  The  current 
at  the  driving  point  l(o)  detarnr  ines  the  input  admittance  Y,.  The  reciprocal  of  Y^  is  the  driving 
point  impedance  Z,.  Knowledge  of  the  current  distribution  also  permits  calculation  of  the  radiation 
field  pattern  F^g,  ffi,  As  a  consequence  of  the  Raylsigh-Carson  reciprocity  theorem,  9h^  ^g,  0h,  ■ 

^F  g,  dh,  ^)(or  a  two-terminal  radiator.  Here,  h^^g,  dh,  is  the  afflictive  half-length,  0  is  the 
radian  wave  number,  h  is  the  half-length  of  the  structure,  a  is  its  radms,  and  g  is  the  usual  spherical 
coordinate  angla  measured  from  the  axis  of  the  dtpole.  If  E  Is  the  Incident  electric  field  strength  in 
the  plana  of  the  receiving  dipole,  the  open-circuit  voltage  at  s  •  0  is  >  lh,E.  The  current  in  the 
load  impedance  Z^  is  I|^  •  3h,E/(Z,  e  1^),  and  the  current  with  load  terminals  short-circuited  is 
I„(o>  •  , 
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tt  is  apparent  that  if  the  receiving  properties  of  an  asymmetrically  loaded  dipole  are  desired,  it 
is  necessary  .o  obtain  a  completely  general  expression  for  the  current  distribution  for  arbitrary 
generator  pnaition,  so  that  the  impedance  and  effective  length  of  the  structure  may  be  obtained, 
referred  tc  the  terminal  location.  Evidentally,  moving  the  generator  alters  both  the  current  dist¬ 
ribution  and  field  pattern.  White  in  principle  the  receiving  properties  of  an  antenna  may  be  deduced 
from  an  accurate  knowledge  of  the  current  distribution  when  the  antenna  is  used  for  transmission,  the 
writer  is  of  the  opinion  that  in  some  cases,  especially  for  asymmetrically  loaded  folded  dipoles,  it  is 
easier  to  work  directly  with  the  integral  equations  that  apply  to  the  structure  when  excited  by  an  inci¬ 
dent  plane  wave,  than  to  determine  the  impedance  and  the  effective  length  from  the  radiation  field 
pattern  utilizing  the  reciprocity  theorem. 


A  folded  receiving  antenna  consisting  of  two  conductors  of  radii,  Sj  and  a^,  and  total  length 
connected  to  equal  impedances  at  the  ends,  is  shown  in  Figure  1.  The  structure  lies  in  the  yz 

plane,  and  the  wires  are  parallel  to  the  s-axis.  The  axis  of  conductor  1  (of  radius  a  )  is  located  at 

b  "  b 

X  •  0,  y  •  and  -h  <  z  <  h.  The  axis  of  conductor  2  (of  radius  Sj)  is  located  at  x  •  o,  y  •  *  j  , 

and  -h  <  s  <  h.  For  simplicity  It  is  assumed  that  the  incident  electric  field  is  linearly  polarised 
parallel  to  the  z-axis  and  arrives  -rom  the  distant  source  at  the  azimuth  angle  measured  from  the 
positive  x-axls.  It  is  further  assumed  that  the  structure  is  so  proportioned  that  tha  following  inequal¬ 
ities  apply:  aj<<h,  SjC <  h,  (a^a’ Sj)  <  b,  (0b)  <<1. 

Tha  circuit  of  Figure  1  approximates  a  rocket  of  height  h  and  radius  k|,  with  umbilical  cable 
of  length  h  and  radius  Sj  attached,  over  a  large  perfectly  conducting  plane.  It  is  assumed  that  there 
is  a  gap  in  the  shield  of  the  umbilical  cable  at  the  point  of  attachment  to  the  rocket.  The  voltage 
developed  across  this  gap  by  action  of  the  incident  field  excites  currents  in  the  wires  surrounded  by 
the  shield.  The  "equivalent  impedanre"  of  the  internal  circuitry  is  represented  by  the  lumped  loading 
impedance 

_  • 

The  analysis  begins  with  the  equations 


J,j(zl  ♦  l|(slr„  ♦  l](i>r^  • 
J^izl  +  li(slr^  +  l](s)r^> 


cos  .3s  e  U|| 

(1) 

cos  3s  e  U  2I 

(2) 

where  (1)  and  (3)  apply  to  conductors  1  and  2,  respectively.  The  definitions  of  terms  follow. 

Jj(sl  •  r  l^i'IK^fs,  z*)  ds*  (S) 

l^fsl  •  t,(sl  e  |j(s| :  l^sh)  >  0  (4) 


l|(s)  and  Ijfsl  are  the  currents  along  conductors  1  and  2,  respectively. 

K^(s,  s‘)  -  exp  (-JdH^I/R^  (5) 


Reference  IS,  Equation  18,  p.  1T4, 
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Rj  .  c')*  +  d* 

(6) 

(7) 

■’.2=  2  ^"4 

(8) 

(9) 

?  *  120»  ohn- 

Ij  and  Cj  are  conatanta  of  integration 

i  ^ 

Uj  •  Ue 

(10) 

-J  ^  line 

•  Ue 

(11) 

u.-| 

(11) 

Multiplying  <2)  by  a  parameter  ntt  and  adding  it  to  (11  glvee 

fr  .  +  mr J1  fr.  •  r  .  ♦  m(r  ,  •  r.  1 

_r(C^ 

'  f  L  m  ♦  1  —  ”  m  ♦  1  J 

(IS) 

Thif  •xprtaiion  may  be  reduced  to  the  int«|nU  equation  for  the  current  along  an  unloaded  aoiid 
conductor  receiving  dipole  of  length  ih  and  radiua  d  by  eetting  the  coefficienla  of  I^ia)  and  l|  (a)  equal 
to  aero, 

Thua, 


r^  +  mr^  •  0 

(14) 

S'  '■al  *  ■"'■■el  •  •  ® 

(IS) 

It  followa  that  that 

d  .  b*(b,a,)*e» 

(U) 

vhere 

P  -  - f- 

•l*! 

(17) 
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and 


Ip  ' 


-L 


in±. 

a 

a 


(18) 


The  antenna  equation  (13)  now  takes  the  form 


(z) 

Q 


•  -  JtJc,  os  3z  +  uj 


(19) 


where  C  ii  evaluated  from  the  boundary  condition  l.(±)t)  *  0,  and  the  aource  function  ii  given  by 

Q  * 


U,  >  mU, 

■  ""m  +'i  *  •  1 


♦  In  -^e 


•J  ^  tla  » 


h 


(20) 


I  w 

Because  tSb)  <<  I,  it  if  clear  t)iat  •  U  •  - 

Not;  that  (It)  it  valid  only  for  an  eleetric  field  directed  tangential  to  the  wires. 
ly  (a)  it  available  from  the  worlc  of  King,**  and  it  considered  known  for  the  purpottt  of  this  paper. 
If  only  the  current  tO)  it  of  imerett,  it  may  be  (Stained  from  the  formula 

2h.E 

(0)  *  ^  —  lai) 

where  the  effective  length  8)^  it  obtained  (by  application  of  the  reciprocity  theorem)  from  the  radiation 
field  pattern  of  a  dipole  of  length  2h  and  radius  d,  and  ii  the  impedance  of  the  tame  dipole. 

The  trantmlttion  line  equation 


l,(t)  •  if(i.) 


In 


•l*lJ 


■^^j-Cj)  cot  3a  ♦  j2U  tin^^  am 


(21) 


it  obtained,  fundamentally,  by  subtracting  (I)  from  (1).  Here  Z,  it  the  rharacterittic  impedance  of  the 
structure,  given  by 

Z,  •  SO  fc 
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Alternative  forms  of  (30)  are 


I,(h)  -  2U  sin(f  sin*)  *2^  sin 

I,(h)  =  j2Usin(f  jX^^+JZ,  tan/3h! 

Clearly  from  (32)  I^'h)  =  0  when  J3h  =  »,  ^  Also,  when  i3h  =  , 

,  ,  2U  .  ^i3b.,..\  _  Ebsin* 

I,  (1.)  =  2-  sin  [-J  sin*)  = - g-*- 

e  e 

From  (33)  it  is  seen  that  whenever 


(32) 


(33) 


(31) 


^  tan  )3h  »|R|^+  jX|_ 


(3S) 


(34)  holds. 


Headers  arc  reminded  that  in  the  development  of  these  equations  radiation  from  the  structure  (in 
the  transmission  line  mode)  is  Ignored,  transmission  line  losses  are  neglected,  and  no  account  is  taken 
of  proximity  effect. 

As  a  numerical  illustration,  let  the  current  input  to  the  nose  of  a  rocket  from  a  shielded  umbilical 
cable  be  estimated  under  the  conditions  stated  below.  The  structural  dlmensicns  are; 


Sj  >  1.219  m 
Sj  >  0,743  m 
b  •  3.639  m 
h  •  16, 76  m 

The  Incident  plane  wave  E  Is  vertically  polarised  and  has  a  magnitude  of  3  volts/m.  The  frequency  is 
f  •  1.63  mc/sec,  or  X  >  162.2  m.  The  shield  is  continuous,  so  that  Z^«0.  It  is  assumed  that  this 
system  can  be  represented  satisfactorily  by  a  two*eonductor  folded  monopole  over  a  perfectly  conducting 
earth. 


The  characteristic  impedance  is 


Z  =  60  In  160. 9  ohms 

*  1  2 

Since  3h  =  ^  h  ■  0.6492,  tan  3h  ■  0.7366.  It  follows  that  Z^  Un  (ih  »|Z|,|  Once  Z^  is  assumed  to  be  small. 
Hence  the  formula 


Eb  sin  * 
Z 

e 
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is  applicable.  Substituting  numbers  in  this  formula  gives 


|!,  (h)| 


3  X  3.639 
160.  9 


67. 85  ma 


if  If  =  £  radians. 

2 

If  laboratory  experi.'nents  reveal  that  considerably  more  than  100-ma  nose  current  is  required  at 
1.83  mc/sec  before  the  most  sensitive  EED  current  exceeds  the  safe  let'Cl,  one  may  conclude  in  this 
instance  that  no  hazards  problem  exists.  As  mentioned  before,  the  firing  circuits  are  energized  by 
radio-frequency  leaks  in  the  umbilical  cable  shield  and  in  the  rocket  skin  wnen  0, 

It  is  to  te  emphasized  that  the  solution  of  this  problem  is  only  approximate.  The  raoius  of  the 
"equivalent"  dipole  is  d  =  1,90dm,  so  that  (}  «2  5.736,  Accuracy  may  be  obtained  from 

existing  methods  of  cylindrical  antenna  analysis  for  {7  2  7, 


If  a  break  exists  in  the  umbilical  cable  shield  at  the  point  It  enters  the  missile,  i  0,  This 
impedance,  which  appears  across  the  gap  in  the  shields,  is  a  manifestation  of  the  loading  eifect  of  the 
wires  entering  the  missile  from  the  umbilical  cable.  Z|_  may  be  determined  as  fellows:  Measure  the 
gap  impedance  Zq  (shield-to- shield).  This  impedance  is  the  parallel  combination  of  and  Zy  Z^,  is  the 
impedance  of  a  transmission  line  of  length  h  and  characteristic  impedance  Z^  (given  by  (23))  termi¬ 
nated  in  a  short  circuit  (the  ground  plane).  Then, 


Z 


I. 


(38) 


The  true  current  on  the  shield  of  the  umbilical  cable  at  the  point  of  attachment  to  the  missile  is  then 
computed  from  (30)  using  (36), 


It  is  important  to  observe  that  a  laboratory-determined  relation  between  nose-cone  input  current 
and  EED  current  (when  the  umbilical  cable  is  disconnected)  is  no  longer  valid  when  ^  0,  because  the 
circuits  in  the  missile  are  excited  hy  the  gap  voltage.  Ordinarily  the  currents  flowing  in  the  internal 
wiring  induce  larger  currents  in  the  firing  circuits  than  the  missile  skin  current,  even  when  there  are 
open  access  doors  and  anodized  peripheral  butts  between  sections.  Indeed,  it  is  possible  that  more 
correct  results  may  be  obtained  by  disregarding  the  shields  snd  treating  the  internal  wiring  as  a  lits 
cable,  in  the  form  of  a  folded  monopole.  The  total  cable  current  is  obtained  theoretically  for  the  Spec¬ 
ified  RF  environment.  The  RF  hazards  to  ordnance  problem  is  solved  if  the  relation  between  the  most 
sensitive  EED  current  and  total  cable  current  has  been  obtained  experimentally. 


Discussion 

A  few  remsrks  might  be  made  relating  to  the  use  of  (31)  in  solving  conventional  two-conductor 
folded  receiving  antenna  problems.  If  conductor  1  is  broken  at  point  z  *  I,  a  voltage  •  l^(tiZ(l) 
will  appear  across  the  break.  Here  i*  the  short  circuit  current,  and  may  be  obtained  from  (31) 
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with  z  =  f  and  =  d,  Z(|)  is  the  driving  point  impedance  of  the  structure,  looking  in  at  the  break. 

For  a  two'conductcr  antenna,  Z(l)  may  be  obtained  easily  by  superposition*  if  the  number  of  conduct  :'s 
N>2.  more  advanced  techniques  must  be  employed,  as  a  general  rule.  Z<|)  depends  on  the  impedan  e 
of  an  asymmetrical  dipole  and  of  two  transmission-line  sections  in  series  with  short-circuited  terr.i- 
natlons.  The  sections  of  the  equivalent  dipole  are  of  tadius  d.  and  the  transmission  lines  are  of  laiigth 
h  +  f  and  h  -  f. 

The  equivalent  circuit  of  the  receiving  antenna  consists  of  driving  Z(f)  connected  in  series 
with  the  load  Impedance  used. 

When  the  electric  field  is  directed  tangential  to  the  wires  of  the  folded  antenna  only  currents  of 
even  symmetry  are  excited.  When  the  field  is  tilted  with  respect  to  the  axes  of  the  conductors,  currents 
of  even  and  odd  symmetry  f  ow.  If  the  load  is  located  in  the  middle  of  one  of  the  conductors,  the  volt¬ 
age  drop  across  the  load  impedance  is  due  only  to  current  of  even  symmetry.  (Note  that  this  current 
is  a  function  of  the  angle  of  wave  tilt. )  For  a  displaced  load,  i.  e. ,  an  asymmetrically  loaded  struc¬ 
ture  (assuming  nonparallel  incidence  of  the  field),  currents  of  both  symmetries  flow  In  the  load. 

These  currents  may  be  found  individually  by  applying  the  integral  equation  technique.  The  total  currents 
is  then  obtained  by  superposition. 


Conclusions 

Antenna  theory  is  useful  for  solving  problems  relating  to  radio-frequency  hazards  to  ordnance. 

In  this  paper  a  theory  of  folded  conductor  structures,  as  receiving  antennas,  it  developed  and  applied 
to  estimate  the  current  in  the  shield  of  an  umbilical  cable  at  the  point  of  attachment  to  a  rocltet  on  the 
launching  pad,  An  experimentally  obtained  correlation  between  input  current  to  the  rocket  and  electro- 
explosive  current  permits  solution  of  this  RF  hazards  problem. 
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1,  Introduction 


There  are  at  least  three  mechanisms  by  which  electromagnetic  radiation  can  leak  into  regions  sur¬ 
rounded  by  metallic  shields  At  low  frequencies  an  imperfectly  conducting  shield  may  fail  to  isolate  the 
shielded  region  from  an  externally  applied  field.  King  and  Harrison  (1961)  have  considered  this  case  in 
some  detail,  A  second  possibility  is  that  the  slileld  may  be  incomplete.  For  example,  there  i.i  a  functional 
requirement  for  openings  (such  as  access  doors)  in  the  outer  shell  of  a  missile.  If  the  missile  is  exposed 
to  the  field  of  a  nearby  radar  or  communications  antenna,  the  resulting  level  of  interference  with  missile 
circuitry  may  be  objectionable.  The  circuitry  may  be  that  associated  with  sensitive  eleetroexplosive  de¬ 
vices  used  to  initiate  missile  responses  upon  command.  It  is  obvious  that  inadvertent  interference  with 
these  circuits  may  affect  ordnance  reliability.  However,  many  of  our  comments  are  applicable  to  other 
problems  In  radio-frequency  interference  and  to  equipment  other  than  missiles,  A  third  possibility  is  that 
radio-frequency  energy  will  be  csrrled  into  the  missile  along  umbilical  cables.  This  case  is  not  being 
considered  in  this  paper. 

It  must  be  taken  (or  granted  that  efforts  toward  better  design  of  potentially  unreliable  circuits  will 
eonti'.ie.  Radio -frequency  filters,  sealed  components,  coded  input  schemes,  and  other  techniques  will  alt 
..doubtedly  play  a  larger  role  in  future  design.  However,  at  any  given  time  it  will  be  necessary  to  ade- 
quat,!ly  assess  the  level  of  interference  and  to  know  the  margin  of  safety.  Designs  which  are  presently 
Adequate  may  become  inadequate  if  radar  power  continues  to  increase, 

It  is  also  important  to  make  the  point  that  the  art  of  predicting  induced  currents  must  be  refined  and 
made  accurate.  Underestimation  of  danger  leads  to  a  false  sense  of  security.  Overestimation  may  lead  to 
ridiculous  precautionary  procedures.  One  occasionally  observes  "Turn  Off  Two-Way  Radio"  signs  in  the 
vicinity  of  highway  or  industrial  projects  in  which  explosives  are  used.  If  the  same  policy  were  invoked  at 
Cape  Canaveral,  the  countdown  procedure  for  laimching  a  rocket  could  not  begin  until  all  nearby  sources 
of  radio  frequency  were  turned  off.  Excessive  caution  can  be  a  source  of  petty  annoyance,  or  it  can  inter¬ 
fere  with  the  operation  of  a  complicated  system. 

At  first  glance  the  complexity  of  the  problem  seems  overwhelming.  Exact  analysis  of  the  environ¬ 
ment  and  internal  details  of  a  missile  from  the  point  of  view  of  electromagnetic  theory  is  certainly  im¬ 
possible.  If  one  shuns  analysis  and  electrical  measurements  entirely,  the  only  kind  of  testing  possible  is 
to  illuminate  the  raissile  with  electromagnetic  energy  and  simply  observe  whether  or  not  the  electro- 
explosive  devices  (hereafter  referred  to  by  the  short  and  popular  name,  squibs)  are  affected.  The  test 
should  be  performed  in  a  realistic  environment  with  the  illumination  being  provided  by  the  actual  sources 
which  may  be  suspect.  (Of  course,  one  must  alter  internal  details  in  such  a  way  that  an  exploding  squib 
does  not  actually  Inl'late  action  by  the  missile. )  This  test  is  simple  Slid  meaningful  if  a  few  squibs  are 
actually  exploded,  "hen  one  knows  that  certain  circuits  must  be  redesigned,  or  that  the  use  of  lens 
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sensitive  squibs  is  indicated.  The  problem  is  considerably  magnified  if  the  firing  of  a  squib  is  a  rare 
event.  The  probability  of  the  type  of  accident  being  considered  here  may  be  small  but  nevertheless  intoler¬ 
able.  To  clearly  establish  a  probability,  p,  by  experimental  means  requires  more  than  p*^  tests.  We 
are  lead  to  reject  the  purely  probabilistic  model  because  it  requires  an  excessive  amount  of  testing  which 
should  be  repeated  for  a  large  variety  of  missile  environments.  A  last  point  against  this  approach  is  that 
it  provides  no  knowledge  regarding  the  margin  of  safety.  It  may  be  practically  impossible  to  accidentally 
fire  the  squibs  in  a  presently  existing  design  which  will  be  quite  unacceptable  in  the  near  future. 

The  next  step  'n  evolving  a  model  is  to  consider  the  measurement  of  the  currents  Induced  in  the  squib 
circuits.  Separate  bench  tests  of  the  squibs  can  be  made.  It  Is  a  simple  matter  now  to  guarantee  that  all 
squibs  in  a  given  sample  are  fired  and  to  estimate  the  mean,  variance,  and  probability  distribution  of  the 
required  firing  current.  Conclusions  are  then  reached  by  comparing  these  data  with  the  currents  Induced 
in  the  missile  circuits  with  the  missile  in  a  realistic  environment. 

We  shall  not  dwell  on  the  details  of  setting  confidence  limits  and  the  somewhat  subjective  problem  of 
safety  recommendations  as  we  intend  to  concentrate  on  deterministic  models  for  describing  the  Induced 
currents.  The  reader  should  be  warned  that  another  Important  aspect  of  the  problem  will  not  be  treated 
here.  We  have  not  made  any  distinction  between  transient  and  steady-state  situations.  It  is  well  known 
that  a  squib  can  be  su‘'jccted  to  a  large  current  for  a  short  period  of  time  without  firing.  However,  the 
construction  of  a  theoretical  model  for  the  steady-state  case  is  a  necessary  prelude  to  the  transient  solu¬ 
tion.  Finally,  it  may  seem  that  we  have  relegated  statistical  aspects  of  the  problem  to  consideration  of 
quality-control  data  on  squibs.  We  are  not  ruling  out  error  and  variance  analysis  of  the  field  measure¬ 
ments  of  Induced  currents.  It  should  be  obvious  that  these  measurements  can  be  carried  out  on  a  sample 
of  several  missiles  and  it  would  be  prolix  to  dwell  on  this  point. 

Leaving  experimental  refinements  aside,  further  development  of  a  meaningful  test  program  must  lead 
toward  an  understanding  of  the  Induced  currents  in  terms  of  the  interaction  of  the  missile  with  its  electro¬ 
magnetic  environment.  This  part  of  the  problem  is  the  most  difficult  because  of  the  infinite  variety  of 
possible  complicated  situations.  However,  in  spite  of  the  complications,  a  great  deal  of  conceptually 
useful  information  can  be  gleaned  from  careful  application  of  physical  principles.  The  next  section  of  this 
paper  provides  a  brief  review  and  critique  of  various  attempts  to  organize  Induceo  squib  current  data. 

Then  we  turn  attention  to  the  solution  of  a  representative  idealized  boundary  value  problem.  Idealized 
problems  have  certain  features  which  would  survive  in  complicated  problems  if  they  could  be  explicitly 
solved.  Realizing  this,  we  propose  a  rather  general  semlemplrical  approach  to  the  problem  in  the  final 
part  of  the  paper. 


2,  Review  of  Previous  Work 

In  this  section  we  shall  attempt  to  present  a  brief  review  of  those  ideas  and  experiments  which  have 
been  used  in  attempts  to  obtain  a  satisfactory  model  for  explaining  Induced  squib  currents.  Maiqr  technical 
detalia  are  omitted.  In  some  cases,  variations  or  refinements  of  the  methods  exist  and  we  have  taken  the 
liberty  of  giving  only  bare  essentials.  We  have  Included  a  few  general  statements  regarding  experimental 
data.  Actual  data  have  been  omitted  since  most  of  it  is  too  particular  to  be  relevant  to  a  general  discussion. 
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The  approach  wMch  we  recommend  in  a  later  section  of  this  paper  has  not  yet  been  subjected  to  experi¬ 
mental  tests.  The  names  of  the  methods  in  the  following  outline  were  coined  by  the  authprs  for  their  own 
convenience. 


a.  Mutual  Impedance  Method.  This  method  is  based  on  the  well-known  fact  that  the  electromagnetic 
field  equations  for  linear  homogenetius  media  can  be  man4>ulated  to  provide  an  equivalent  circuit  descrip¬ 
tion  oi  the  interaction  between  sources  and  sinks  of  electromagnetic  energy.  As  a  simple  example,  let  the 
current  and  voltage  at  the  terminals  of  an  antenna  be  respectively.  Denote  similar  quantities  at 

a  pair  of  squib  terminals  inside  a  nearby  missile  by  l2«  V2.  Then, 


If  the  squib  impedance  is  Zi , 


^2 


(2.1) 


(2.2) 


The  attractive  ilmpUcity  of  (2.  2)  lead!  to  the  deception  that  progreii  can  be  made  by  meaaurlng  the  admit¬ 
tance  coefficient  Y^.  (The  diagonal  elements,  and  Yg,  >  are  not  difficult  to  measure, )  Admittances 
are  dependent  on  position  and  environmental  details.  Off  diagonal  terms  In  an  admittance  matrix  are 
notoriously  difficult  to  estimate  theoretically  in  all  but  the  simplest  problems.  One  would  be  just  as  well 
off  to  move  the  missile  about  and  directly  catalog  squib  current  as  a  function  ot  position  and  orientation  of 
the  missile.  Either  procedure  is  likely  to  generate  coffers  of  unexplained  data.  There  may  be  special 
situations  or  aspects  of  the  problem  in  which  mutual  impedance  concepts  can  be  used  to  advantage.  How¬ 
ever,  wr  do  not  favor  this  method  as  the  basis  for  an  over-all  attack. 


0.  Transfer  Function  Method.  The  method  consists  of  taking  data  on  squib  current  and  field  inten¬ 
sity  to  define  a  transfer  function 


Y(f)  • 


(2.3) 


where  f  is  the  frequency  of  the  lilunJnating  field,  and  E  Is  the  field  intensity  for  a  given  polarization. 
Measurements  of  £  are  usually  made  at  a  single  point  in  the  field  with  the  missile  removed.  It  is  then 
supposed  that  if  the  missile  is  immersed  in  a  field  of  different  magnitude  the  squib  current  will  be 
I,  >■  Y(f)E.  The  method  has  both  a  fallacy  and  a  correct  limit.  The  ftliacy  is  t)iat  a  point  measurement 
of  E  is  not  always  adequste.  Rather,  the  distribution  of  E  determines  the  interior  response  of  an  object 
placed  in  the  Held,  However,  except  in  the  immediate  vicinity  of  sharp  points  and  edges  in  the  environ¬ 
ment,  an  electromagnetic  field  (S,  H)  does  not  vary  much  over  distances  short  compared  to  a  wavelength. 
Heurictically,  the  method  should  provide  an  adequate  description  of  the  interior  response  of  objects  which 
are  uniformly  illiminsted.  If  sharp  oolnts  and  edges  are  an  appreciable  fraction  of  a  wsvelengih  sway  from 
the  object,  Y(f)  should  be  insensitive  to  environmental  details. 


c,  B,adi?tion  Pattern  Method.  Thit  method  ia  based  on  the  realization  that  if  radiation  can  leak 


into  a  '.'issile  it  can  also  certainly  leak  out.  The  squib  is  removed  and  a  transmitter  is  attached  to  the 
circuit  ter.iii.als.  The  resulting  radiation  pattern,  G(9,  d),  is  then  measured.  (Absolute  field  intensity 
measurements  must  be  made;  the  usual  relative  pattern  will  not  serve, )  Now  the  reciprocity  theorem  can 
be  invoked  to  calculate  squib  current  for  the  case  of  piane-wsve  illumination.  Omitting  impedance  mis¬ 
match  factors  which  are  required  in  practice  and  assuming  an  incident  plane  wave  of  intensity  S,  the 
absorbed  power  is  given  by 


where 


P,  •  SA(9.  d), 

A<9.  d)  ■  ^  G(«.  d).  (2.  4) 


The  relation  between  A(9,  d)  and  G(9,  d)  shown  in  (2.4)  is  established  in  many  texts  for  efficient  antennas. 
It  can  also  be  shown  to  hold  for  Inefficient  antennas  (Appendix  A).  It  Is  necessary  to  make  tViis  poi  tt  since 
much  of  the  energy  Injected  into  the  squib  circuit  in  the  transmitting  mode  may  be  absorbed  inside  the 
missile. 


Difiiculties  with  the  model  can  be  attributad  to  the  fact  that  in  a  complicated  environment,  the  ex¬ 
ternal  transmitted  field  car.  not  be  interpratad  as  a  radiation  far  field  and  ths  iilunUnatlng  field  will  rarely 
be  a  plane  wave.  From  a  fundamental  point  of  view,  improvement  of  the  approach  will  have  to  involve  a 
study  of  the  interaction  of  antannas  with  near  fields  and  surface  waves,  ths  latter  because  many  of  the 
measurements  must,  of  naeassity,  be  carried  out  over  a  partially  conducting  ground.  Finally,  the  model 
is  undoubtedly  valid  for  application  to  Inflight  intarfarenca  with  circuits  inside  missilss  and  aircraft. 

d.  Antenna  Equivalent  Circuit  Method.*  This  method  is  distinct  from  those  discussed  above  in  that 
it  is  entirely  theoretical;  no  measurements  are  involved.  It  is  also  the  meat  dlffieutt  tn  discuss  brisfly, 
involving,  as  it  does,  saverai  intricate  papers  dealing  with  explicit  problems.  Basically,  the  approach  is 
to  find  the  parameters  for  the  Th^venin  aquivaient  circuit  (or  a  receiving  antenna,  namely:  ,  the  open 

circuit  voltage,  and  Z^,  the  transmitting  impedance  If  these  parameters  are  known  and  a  load  impedance 
Is  presumed  to  be  part  of  a  simple  circuit  connected  across  the  leak  (antenna  terminals),  the  load  current 
can  be  readily  calculated.  The  procedure  is  likely  to  overestimate  the  current  delivered  to  squibs  in 
practical  situations.  Practical  circuits  are  often  located  at  a  considerable  distance  ^mm  the  actual  leak; 
interfering  energy  propagates  in  some  complicated  way  from  the  leak  to  the  circuit  location.  This  process 
inevitably  involves  some  attenuation.  Focusing  affects  in  the  interior  ars  not  anticipated  in  tlie  wsve length 
region  of  interest. 

Theory  of  this  type  has  been  successful  in  order-of- magnitude  calculations.  It  provides  nominal 
agreement  with  the  slope  of  some  experiroentsl  curves  of  squib  currant  versus  frequency.  Both  linear 
antenna  theory  and  slot  antenna  theory  lave  been  used  in  particular  situstiona.  In  one  application  folded 


G,  K,  Gaios  (Ordnance  Mission,  White  Sands  Missile  Range),  unpublished  information, 
*C.  W.  Harrison,  Jr, .  (Ssndla  Corporation)  unpublished  informstinn. 


dipole  theory'  is  used  to  estimate  the  change  in  the  squib  current  caused  by  attaching  a  control  cable  to  a 
missile,  assuming  that  the  interior  response  of  the  missile  without  the  cable  is  known. 

This  approach  can  be  shown  to  be  an  approximation  to  the  more  general  method  to  be  described  later 
in  the  paper. 


3,  Scattering  by  Slotted  Cylinders 


It  has  been  pointed  out  that  radio-frequency  interference  probieme  are  too  complicated  to  aiiow  de¬ 
tailed  theoretical  solutions.  The  role  of  theory  in  thle  case  is  to  provide  organising  concepts  ae  a  basis 
for  economical  and  meaningful  experimentation. 

The  main  problem  we  wish  to  present  is  that  of  scattering  of  a  cyllndricai  wave  by  an  infinite  slotted 
cylinder  of  infinite  conductivity.  Coordinates  for  the  problem  are  the  conventional  (p,  d,  z)  circular 
cylinder  coordinates.  The  slot  is  totally  circumferentlai  in  the  region  |z|  <  w  at  p  ■  a,  the  radius  of 
the  cylinder.  The  choice  of  an  infinite  cylinder  need  not  be  a  source  of  concam  since  it  can  be  shown  that 
the  effective  length  and,  hence,  the  open  circuit  voltage,  of  an  infinite  cylindrical  receiving  antenna  is 
finite  (Appendix  B),  Also,  we  will  discuss  modification  of  the  treatment  to  obtain  an  approxlraata  solution 
for  a  finite  cylinder.  Cylindrical  wave  excitation  enablee  ua  to  avoid  tha  compUcationa  of  asymmetry  in 
the  azimuthal  coordinate  during  a  preliminary  investigation  of  the  probiam.  This  feature  of  the  idealized 
problem  can  aiao  be  revleed,  In  what  followe,  those  symbols  which  arc  used  without  explicit  definition  are 
conventional  in  tha  literature  of  electromagnetic  theory. 


We  assume,  for  eimpiicity,  that  the  electric  vector  of  the  incoming  field  ie  parallel  to  the  cylinder 
axis.  Time  dependence  of  exp  (Jut!  it  assumed,  but  tuppretsed.  Consistent  with  this  latter  assumption, 
Hg*Nkp)  and  H^^Nkp)  are  chosen  to  represent  the  incoming  and  reflected  waves,  respectively.  In  addi¬ 
tion  to  these  waves,  there  will  be  a  diffracted  wave  because  of  the  slot.  The  eiectrie  field  in  the  slot  will 

be  an  unknown  function,  f(x).  It  is  convenient  to  redefine  thie  function  ae  Vf.(s)  whera  f.(z)  ie  normal- 

0  0 

ized  to  unity  on  the  interval  |x|  <  w.  The  electric  field  vanishes  at  the  surface  of  the  cylinder  averywhere 
outeide  the  slox.  We  also  normalixe  the  incident  field  to  Eg  volte  per  meter  at  the  surface  of  the  cylinder. 
If  Fg(e)  is  the  Fourier  transform  of  fg(z). 


e;(p,  X) .  E^ 


H*‘W) 


L«o 


V  f  < 


«>(3a)  « 


(3.1) 


represents  the  field  outeide  the  cylinder  and  satisfies  the  boundary  conditions  at  p  •  a  (Stratton,  IMl ), 
Similarly 


z) 


JjUp) 


Fg(o)e'***do 


(3.3) 


represents  the  field  inalne  the  cylinder  and  satisfica  the  boundary  conditions  at  p  •  a. 


In  the  above  expressions  we  have  defined  as  follows: 


3^  «  k*  -  ; 


ph(3  =  0,  |oj  <  k; 


(3.3) 


ph3  *  -ff/2,  jcr]  >  k. 

The  contour  of  integration  is  along  the  real  a  axis  with  downward  and  upward  indentations  at  ^  «  —k  and 
Q  s  +k,  respectively. 


Expressions  (3. 1)  and  (3.2)  are  tautologically  eqvaT  at  p  »  a.  A  second  condition  is  required  if  the 
solution  is  to  yield  any  information.  We  require  continuity  of  through  the  slot.  Modes  of  the  magr»etlc 
field  can  be  found  by  applying  the  operator 


_  jit*  ± 

pu(k*-  o*) 


(3.4) 


to  eitch  mode  of  with  the  ur.d  intending  that  a  •  0  for  the  Incident  and  reflected  Hankel  functions.  The 
continuity  condition  on  results  In 
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,,-“2..  _ _ iL  1%)  .  ^  i\t), 

rZ.KIXK)  2»a  V*'  2»s  V*'* 


(3.3) 


where  we  have  abbreviated  by  letting 

ka  •  K,  Zg  •  ^ul*. 


D(K) 


Jo(K) 


Yo(K». 


I®(«)  • 


K  «\**<^*> 


1“ 


(3.6) 


l‘(i> 


r  y,(0.> 


r,(a)e 


(3.T) 


Equation  (3.  S)  la  an  Integral  equation  on  the  interval  |*|  <  w  for  the  function  fj(*).  The  first  term  la  the 
surface  current  density  on  a  cylinder  In  a  scattering  problem  for  a  cylinder  with  no  slot.  I®(i)  and  !^(t) 
are  the  total  outer  and  inner  currents  on  a  tranamitting  antenna  with  unit  voltage  Impreieed  acrois  ttie 
slot  (Duncan,  1662)~  by  means  of  en  tdeali.ed  generator.  In  the  slot  tltese  quantltlei  are  not  actually 
current!  but  no  ambiguity  reiulta  from  using  the  same  funrtlonal  notation  on  the  entire  >  domain. 


A  reference  manual  of  data  fnr  the  Infinite  cylindrical  antenna  la  in  preparation. 


We  shall  not  attempt  a  rigorous  sniutlou  of  ihe  integral  equation.  A  convenient  procedure  is  to  as> 
sume  a  form  for  f^(z)*  require  that  (3. 5)  be  satisfied  at  z  ■  0,  and  solve  for  the  parameter  V.  We 
obtain 

8E^a 

^  ^  Z^KD<K) 


)(2(0)  +  ll(0)  ' 


(3.S) 


A  convenient  choice  for  fQ(z)  is 

V*)  '  2^*  i*i  ^ 

(3. 9) 

■  0,  otherwlie: 

with 

Fgbt)  •  iln  aw/<rw. 


A  somewhat  better  choice  (Wait,  I9S9)  which  satisfies  sf^roprlats  edfs  conditions  near  t  •  tw  is 


with 


fjC*)  •  f-j - 5"  » 

»>|w‘  - 

•  0,  otherwise: 


1  <  w 


(S.10> 


F,(o)  •  jQ<erw), 

Final  numerical  results  are  not  very  sensitive  to  the  choice  of  f^ls):  we  use  (3. 9)  in  the  analysis. 
We  now  turn  attention  to  the  avsluation  of  If  we  set  F^fs)  >1  in  <3. 6)  ws  obtain 


■  V  1  H,(0a)  .  ^ 

the  outer  current  on  a  i  *1  ip  transmittinf  antsnna  for  which  the  boundary  value  of  E,  is  (ivsn  by 
E*  •  -l(s).  From  the  form  of  (3. 8), 


l!<s» 


,)«s  -  SqWs,. 


since  all  of  the  functions  involved  ars  even  and  fg(a)  vanishes  for  t  >  w. 


(3. 13) 


(3.13) 


Thue,  .he  net  effect  of  the  window  function  is  to  rsipilrs  a  smoothed  version  of  the  current  distribution  for 
a  i  -ga(>  model.  The  latter  has  a  shorl'range  logarithmic  singularity  at  t)ie  origin.  If  w  exceeds  the 
rangs  ol  the  singularity,  s^ ,  and  le  not  too  Isrgs,  the  value  of  l^(x)  is  not  vary  sensitive  to  the  ehoiee 
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of  fg(z),  it  being  understood^  of  course,  that  must  be  an  integrable  function.  Since  fg(z)  is  not 

actually  known  in  the  present  problem  we  shall  obtain  I®<0)  by  the  graphical  smoothing  procedure  which 
also  serves  to  define  z^.  Letting  represent  the  admittance  corresponding  to  the  smoothed  £*gap 
current  function. 


V  ct 


SE  a 
0 

z^kd^kT 


v,^i;(o) 


,  <w  «  X. 


(3.14) 


This  approximation  is  incorrect  in  the  limit  of  very  narrow  slots.  If  w  <  Zg,  the  logarithmic  nature  of 
15(2)  must  be  taken  into  account  I  mplicitly,  It  is  known  that  for  small  z 


0  1  AK 

i^U)  +  *  -j  ^  /n  kz. 


(3.1b> 


\Vi\nx  thl.  1.  iveragcd  over  the  window  function. 


1®(0)  +  l‘(0>  •  -1  ^  fn  kw.  w  <  z.  .  (S.  16> 

Preliminary  to  evaluatin,  1^(0)  eonaider  the  interior  current  for  the  i>|ap  model. 

The  intefrand  of  (3,  IT)  if  contlnuoui  aeroei  t)M  branch  cut.  Polea  of  the  Integrend  ere  et  d.e  ■  t., 
where  (C,)  are  the  ordered  eerof  of  If  the  tube  ii  below  cutoff,  ell  polea  are  on  the  Imafinery 

exit  at 

*1  *  *e  (3.1*1 


If  K  it  (reeter  than  lome  there  will  be  propafatinc  modee  rorreapondlnf  to  polea  aloni  the  real  axia 
in  the  interval  •*  <  a  <  *k.  We  define  downward  indenlatlona  at  the  polea  in  the  interval  -k  <  e  <  0, 
upward  indentetiona  for  thoee  in  the  interval  0  <  a  <  k.  The  contour  may  be  cloaad  in  the  lower  or  upper 
half-planea  correapondin,  to  a  >  0  end  a  <  0,  rcapectlvely.  The  rcault  la 


t3.  191 


(3. 201 
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From  (3, 19)  and  (3.  20)»  l^{0)  is  given 


1^(0)  = 


2TKa 

'  ZoW 


“y  w 


(3,21) 


The  rate  of  convergence  of  (3.  21)  can  be  improved.  First  use  tho  FcuWer  Inversion  theorem  to  obtain 


^  •  2^f 


(3.  22) 


Then  let  a  •  0  In  (3.  22)  to  obtain 


JKJ<K)  jf 

■  ?J 

0  8  ^0 

and  ufc  (3, 19)  to  calculate  the  rl|M-hand  aide  at  (3, 23).  Ttw  reault  if  the  uaeful  identity 


(3.23) 


J,<K)  , 

•^^0^  ^  _  k’)  ’ 


T)tte  may  be  combined  with  (3. 21)  to  give 


(3.  24) 


(3.2S) 


The  aeriaa  in  (3. 23)  if  nov  rapidly  convergent  and  eonvertent  (or  computational  purpoaee  except  near 
reaonanea.  If  K  ia  nearly  equal  to  aoma  it  ta  only  neceaaary  to  Keep  the  dominant  term  in  (3, 21), 
The  axponantlal  can  alao  be  expanded  tu  low  order  to  give 


1 ^  .  2c3v 
I  (0)  *  j  -ar- 


(3.2B) 


-  agm  Jd'ee  ***>  '*‘  - 

'  ^^Cotn^nenta  of  tha  interior  field  can  be  comp«iv>..;  b;-  'hr  reeidue  theorem  from  (3. 3).  The  pretence 
of  Tgla)  will  caute  hie  integral  to  diverge  on  tha  infinite  arc  uied  to  cloae  tn«  contour  unleai  laj  w 
no  matter  wUch  window  hiiu^tlon  is  uaed.  If  fteid  eomponenla  ere  deaired  in  the  region  |i|  <  w,  they 
can  be  computed  by  cettvoluUon  of  the  window  function  and  the  reatdue  aeriee  for  field  componente  In  the 
i  .gap  problem  Juat  Bi  in  the  above  treeiment  of  1^(0),  The  .‘eauha  for  |(|  >  w  are; 


(3.2T) 


n-0 


(3.  28) 


oi-/  >  ■  kV 

H^(P.  ^)  =  J  ^ 


V  M!?, 

^  J.U  > 


,<f  )  Jf-  - 

1  ft  M  n 


E>,.)  *  (±)|2 


j/?  ^)F„(a  ) 

l\  n  a/  0  n 


J,(C.) 


(3.29) 


As  a  criterion  of  interior  response  we  calculate  the  interior  skin  currenl  Jcnsity,  ,/(z),  from  (3.28) 
by  evaluating  H^(a,  ?.).  Then, 


\l«l 


(3.30) 


The  interior  response  is  finite  at  resonance  in  spite  of  the  appearance  of  (3. 30).  At  resonance,  MO),  as 
given  by  (3,  26),  is  much  larger  than  Y,.  The  result  is  that  V  approaches  zero  in  just  the  right  wsy  to 
maintain  finite  fields  in  the  Interior.  With  either  window  function,  ^0(0,)  becomes  unity  for  the  resonant 
term.  Keeping  only  the  dominant  resonant  terms  in  the  expressions  for  V  and  ;^(i)  gives 


4E 


(3.3t) 


/ 

Note  that  does  not  contain  t  since  exp  I- — ^ —  I  becomes  unity  at  resonance.  At  low  frequency  the 

damping  factors  insure  that  the  field  does  not  penetrate  far  into  the  tube.  If  the  frequency  is  above  the  firat 
resonant  frequency,  there  will  be  at  least  one  mode  which  propagates  unattenusted  in  the  z  direction, 
Combination  of  these  notions  leads  to  the  suggestive  sketch  shown  in  Figure  1  in  which  the  envelope  of 
resonant  responses  is  given  by  (3, 31),  Comparison  with  (3.  5)  shows  that  (3.  31)  is  Just  the  outer  Skin  cur¬ 
rent  density  in  the  scattering  problem  for  an  object  with  no  slot. 


fig,  1  --  Sketch  of  interior  response  versus  K 
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The  intimate  connection  between  interior  response  and  the  scattering  problem  for  an  object  with  no 
leaks  is  a  quite  general  result.  Consider  the  solution  of  any  problem  similar  to  the  one  above  in  which  an 
object  with  a  leak  is  illuminated  hy  a  Tield  in  which  E  is  parallel  to  the  longitudinal  axis  of  the  object.  Let 
the  distribution  of  the  incident  field  be  entirely  arbitrary.  Introduce  the  interior  and  exterior  diffracted 
fields  as  perturbations  on  tht  scattering  problem  for  the  object  with  no  leak,  as  we  have  done  above.  If  the 
leak  is  small  with  respect  to  a  wavelength,  the  phase  of  the  window  field  is  not  expected  to  change  appreci¬ 
ably  over  the  window.  Introduce  an  approximate  window  function,  VfgCz,  ^).  Choose  a  reasonable  form  for 
f^(z,  4')  and  solve  for  the  parameter  V,  obtaining  the  analog  of  (3. 14)  which  contains  a  factor  depending  on 
the  scattering  problem  and  a  second  factor  which  depends  on  the  interior  and  exterior  admittances  when  the 
leak  is  driven  by  unit  voltage  in  the  transmitting  mode.  The  interior  admittance  is  just  the  interior  skin 
current  density  function  evaluated  at  the  slot  position.  Hence,  these  quantities  depend  on  the  interior 
eigenfunctions  and  resonant  frequencies  in  precisely  the  same  way.  If  the  problem  is  not  azimuthally 
symmetric  and  the  object  is  of  ^nite  length,  three  parameters,  one  for  each  dimension,  will  be  required 
to  label  the  interior  eigenfunctions.  If  the  interior  is  complicated  it  will  not  be  feasible  to  find  these 
eigenfunctions  explicitly.  However,  it  is  sufficient  for  our  purposes  to  know  that  they  exist  in  principle, 
Whatever  the  nature  of  the  complications,  near  resonance  the  terms  with  resonant  denominators  dominate 
the  equations  analogous  to  (3.  21)  and  (3.  28).  If  only  dominant  terms  are  retained,  the  resonant  denomi¬ 
nators  cancel,  leaving  the  factor  which  depends  only  on  the  incident  and  reflected  fields  evaluated  at  the 
slot  position, 


(3. 32) 


Using  these  ideas  we  can  now  sketch  the  kind  of  behaviour  to  be  expected  of  the  interior  response  of  a 
missile,  For  the  infinite  cylinder,  (3.31)  is  monotonic.  However,  for  a  finite  object,  we  can  expect  that 
(3,  32)  will  exhibit  resonances  associsted  with  the  length  of  the  object,  as  shown  in  Figure  2.  The  internal 
resonances  exist  in  principle;  in  practice  they  would  have  to  be  located  experimentsUy,  An  interesting 
possibility  is  that  of  accidental  coincidence  of  internal  and  external  resonances  lesding  to  an  unusually  large 
interior  response.  Heretofore,  unexplained  pesks  have  occurred  in  experimental  dsts  taken  on  missiles. 


Fig.  2  --  Sketch  of  interior  response  of  a  finite  object 
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An  approximate  formula  accounting  for  the  coupling  to  a  simple  circuit  inside  a  cylinder  is  not  diffi¬ 
cult  to  derive.  Consider  th.7  simple  circuit  of  Figure  3. 


i. 

a 

T 


p 

_  _ UHLh 

-»|  zw  !•-  1  h- 


Fi'.-.  3  --  Simple  circuit  inside  slotted  cylinder 


It  will  be  assumed  that  the  voltage  induced  in  the  circuit  is  given  simpiy  by 


V 


1 


ds 


- 


I  H*  ndft. 


(3. 33) 


and  that  the  unperturbed  fields  (for  the  cylinder  with  no  circuit)  can  be  used  in  the  computation.  At  reso' 
nance,  (3.  14),  (3.  26),  (3.  28),  (3.  33),  and  Ohm's  law  for  the  circuit  combine  to  give,  for  the  current  in  the 
circuit. 


ii.i  • 


4E, 


tZ^KWK) 


(3.  34) 


Away  {rom  resonance,  must  be  retained  in  (3, 14)  and  the  integration  must  include  all  the  modes  of 
(3.28).  At  high  frequencies,  5^  will  be  one  of  the  large  roots  of  Ju(x),  and  wili  contain  several 

nodes.  One  can  choose  p'  auch  that  (3. 34)  is  identically  zero  and  then  obtain  an  appreciable  nonzero 
result  hy  changing  p'  only  slightly.  This  rather  unphytical  ambiguity  is  the  price  one  pays  for  the 
simplification  achieved  by  neglecting  the  higher  order  interactiona  between  the  circuit  and  the  field  and 
treating  the  circuit  as  a  wire  of  zero  diameter.  The  formula  may,  however,  be  useful  st  low  frequency. 


In  all  of  the  theory  derived  lo  far  we  have  aiaumed  a  losaleis  interior.  Under  this  assumption  reso¬ 
nant  terms  dominate  in  various  expressions  so  that  a  great  deal  of  aimpllficatlon  ia  pisuible  at  the  reaonant 
frequencies.  In  problems  involving  complicated  loisy  interior!,  arbitrary  illumination,  and  finite  object! 
wc  postulate  that 


<]. 


Y  +  Y. 


F(r',  Zj,  f,  L,  a). 


(3.35) 


In  (3. 35)  P  ia  the  leak  location,  P'  is  the  cin.uii  location,  I.  and  a  are  the  Irngth  and  radlui  of  the 
object,  and  f  is  the  applied  frequency.  F{P',  Z^,  f,  L,  a)  is  some  complluatod  (and  underlvable)  func¬ 
tion  characteristic  of  the  interior  of  the  object.  In  a  truly  complicated  situation  all  that  la  left  ii  a  way  of 
thinking  about  the  problem  which  may  be  useful  to  the  experimentalist.  An  obvlnus  objection  to  (3.  35)  is 
that  it  is  suggested  by  a  particular  case  in  wlilrh  there  is  only  a  TM  field.  However,  it  is  known  experi¬ 
mentally  that  the  component  of  the  illumination  which  is  polarized  in  the  direction  of  the  longltudlnai  axia 
of  a  missile  is  the  most  effective  in  producing  unwanted  currents  in  circuits  inside  the  missile.  Also, 
gross  approximations  are  pcnnissible.  Any  dearriblng  function  which  proved  to  he  useful  and  reliable  to 
within,  say,  t5  db  would  represent  an  improvement  over  other  attempts  to  construct  a  theoretical  model. 
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It  should  be  clear  by  now  that  this  approach  is  a  generalization  of  the  earlier  approach  by  Harrison 
which  was  discussed  briefly  in  the  introduction.  The  factor  ]  (times  2ra)  can  be  regarded 

as  a  constant  current  generator  feeding  admittances  associated  with  the  slot  and  the  interior  of  the  object. 
Return  to  the  earlier  theory  inv’olvcs  regarding  the  iliumination  aa  a  plane  wave  and  tne  object  aa  a  linear 
antenna,  connecting  the  load  circuit  across  the  slot,  neglect  of  the  interior  fields,  and,  finally,  the 
transformation  from  an  equivalent  circuit  representation  involving  a  constant  current  generator  to  one 
involving  a  voltage  generator  whose  open  circuit  voitage  is  given  by  linear  antenna  theory. 

4.  Conclusions 

We  have  demonstrated  tne  intimate  connection  betv/een  the  interior  response  of  a  leaky  oblect  illumi¬ 
nated  by  electromagnetic  energy  and  the  scattering  solution  for  a  congruent  object  with  no  leaks.  This  part 
of  the  paper  will  be  devoted  to  pointing  out  some  implicationa  of  the  results  for  those  concerned  with 
electromagnetic  interference  with  ordnance  or  other  industrial  problems  of  radio-frequency  interference. 
The  work  is  applicable  in  those  situations  where  the  location  of  the  leak  is  known.  Access  ports  on  rockets 
and  missllea  provide  an  example. 

It  has  been  shown  that  interior  response  breaks  rather  neatly  into  three  factors;  the  current  density 
for  a  scattering  problem,  a  factor  depending  on  the  slot  admittance  in  the  transmitting  mode,  and  the 
interior  reaponae-per-unit  voltage.  The  theory  suggests  an  alternative  to  present  experimental  techniques 
which  Involve  radiating  the  object  and  measuring  the  interior  response.  Instead  it  may  be  advantageous  to 
atudy  the  interior  response  directly  by  attaching  a  feeding  transmission  line  to  the  leak  and  normalizing  the 
results  to  unit  applied  voltage.  Measurements  of  this  type  can  be  carefully  performed  in  a  laboratory.  Slot 
admittance  could  be  measured  in  a  realistic  environment.  No  other  measurements  would  be  required  in 
any  situation  which  allowed  even  an  approximate  treatment  of  the  scattering  factor,  linear  antenna  theory 
may  serve  well  in  this  regard  at  low  frequency. 

Factorization  of  the  interior  response  is  conceptually  useful  in  another  way.  Suppose  that  empirical 
changes  are  made  in  the  internal  la.vout  of  a  missile  which  reduce  the  levels  of  currents  in  hazardous 
circuits.  Factorization  allows  the  coiKlusion  that  a  design  improvement  for  one  type  of  illumination  is, 
in  fact,  an  Improvement  for  any  assumed  distribution  of  illumination. 

Although  we  have  emphasized  the  importance  of  the  scattering  solution,  not  much  help  ean  be  obtained 
from  the  literature  of  scattering  theoty.  Most  of  existing  theory  is  concerned  with  far  field  expressions; 
current  density  on  the  scattering  object  is  the  quantity  needed  here.  Although  linear  antenna  theory  may 
be  used  at  low  frequencies  much  of  the  scattering  theory  relevant  to  the  hazards-to-ordnance  problem  is 
yet  to  be  developed.  Thick  cylinder  theory,  both  in  the  traiisinitting  and  scattering  modes,  could  make  a 
considerable  contribution  to  the  hazards  prohiem.  Another  fruitful  field  of  research  would  be  the  inter¬ 
action  uf  classical  objects  with  illuminating  firlds  other  than  plane  wave.  In  particular,  the  interaction  of 
realistic  antennas  with  a  irfare  waves  is  a  much-needed  study.  It  is  hoped  that  these  remarks  will  help 
ordnance  engineers  to  Identify  relevant  literature  should  It  hccome  available  in  the  future. 
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In  closing,  we  should  not  leave  the  impression  that  the  problem  of  electromagnetic  leakage  into 
missiles  can  be  ''solved*'  in  the  same  sense  that  a  well-defined  problem  can  be  solved.  One  only  needs 
to  glance  at  the  complicated  interior  of  a  missile  and  tlien  to  imagine  an  exterior  problem  containing  an 
electromagnetic  jungle  called  a  gantry  crane  to  be  convinced  of  the  difficulties.  Fortunately,  not  all 
situations  are  that  complicated.  In  ai^  case,  the  most  that  can  be  achieved  is  an  engineering  solution 
involving  an  intuitive  synthesis  of  theory,  experience,  and  engineering  judgment. 
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A.’PENDIX  a 


RECEIVING  CROSS  SECTION  OF  INEFFICIENT  ANTENNAS 


Several  texts  establisii  the  formula 


A(8. 


4ir 


G(6,  W 


(A-1) 


relating  the  receiving  cross  section  and  gain  function  of  an  efficient  anteni.a.  Slight  modification  of  a  typicai 
derivation  (Siiver,  1949)  suffices  to  demonstrate  that  (A-1)  is  also  true  for  lossy  antennas.  We  define  the 
gain  function  as 


G(9,  d) 


(A-2) 


P(9.  i) 

Pj/*”  ‘ 

where  P(6,i)  is  the  actual  radiated  power  per  unit  solid  angle  and  P,^  is  the  total  power  injected  into  the 
'he  ratio  of  f  P(9,  dldfi  to  P,^  is  the  trarsmitti 

section  is  defined  by 


antenna  terminals.  The  ratio  of  |  P(9,  d)dn  to  P.^  is  the  transmitting  efficiency,  o.  The  receiving  cross 


p<9.  «  •  A(9,  d)S, 


(A-3) 


where  S  is  the  intensity  of  an  incident  plane  wave  and  p(9,  d)  is  the  power  delivered  to  a  ioad.  From  the 
reciprocity  theorem  for  antenna  patterns. 


A(9.  d)  ,  G(9.  d) 


(A-4) 


In  (A-4)  the  factors  .4^  and  serve  to  normalise  the  receiving  and  gain  patterns.  Denoting  the  average 
of  A(9,  d)  by  A,  it  is  now  easy  to  show  that 


A(9,  d)  G(9,  d). 


(A-5) 


Now  consider  two  antennas,  a  and  b,  with  a  transmitting  energy  to  b.  Under  matched  conditions. 


O.Vb  16xr»R,R^  |i  J’ 


(A-6) 


where  r  is  the  distance  between  a  and  b,  R  and  R.  arc  the  antenna  resistances,  i.  and  V.  are  the 
terminal  current  and  voltage,  reipectively,  of  antenna  a.  Rcvtx  iaing  the  roles  of  the  antennas  as  trans¬ 
mitter  and  receiver  provides  another  equation  which  is  derivable  from  (A-6)  merely  1^’  interchanging  the 
indices  a  and  b.  The  ratio  of  these  expressions,  together  with  the  relation  i^V^  « 
reciprocity  theorem,  gives 
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Average  receiving  cross  section  divided  by  transmitting  efiiciency  is  a  universal  constant  for  all  antennas. 
Choose  tht:  constant  as  in  the  usual  way  by  considering  an  efficient  short  dipole.  It  is  now  apparent 

that  (A-1)  is  true  for  lossy  antennas. 


APPENDIX  B 


EFFECTIVE  LENGTH  OF  AN  INFINITE  CYLINDRICAL  ANTENNA 


The  basic  definition  of  the  effective  length  (Schelkunoff,  Friis,  ? 952)  of  an  antenna  of  length  2h  is 

^♦h 


1(2  >dz 


1(0) 


(B-1) 


where  l(z)  is  the  transmitting  current  distribution  along  the  antenna  and  liO)  is  the  input  current  at  the 
antenna  terminals.  It  is  customary  In  antenna  theory  to  introduce  an  idealized  driving  generator  such  that 
the  electric  field  in  a  narrow  gap  in  the  antenna  surface  at  z  »  0  is  given  by  — V5(z),  The  result  of  this 
idealization  is  a  short-range  singularity  in  I(z).  Strictly  speaking,  (B- 1)  is  identically  zero  ^or  the  6 -gap 
theoretical  model.  The  significance  of  the  singularity  and  means  for  removing  it  have  been  discussed 
previously  (Duncan,  1062),  We  shall  replace  (B-1)  by 


(B-2) 

I 

where  Is  defined  by  a  procedure  which  smooths  out  the  singularity  Inherent  in  the  6  -gap  model.  Values 
of  corresponding  to  several  values  of  K  are  given  in  the  reference.  A’lth  (3,11)  and  the  Fourier 
inversion  theorem  one  nbtains 


Ji 


l(r)e^**  da. 


From  <B-3)  it  follows  by  setting  o  “  0  that 


I(z)dz 


2irK 


h,(k; 

)liHp'(K) 


(B-3) 


(B-4) 


Now  (B-4)  can  be  combined  with  numerical  data  for  Y^  according  to  (B-2)  to  give  the  effective  length  of  an 
infinite  cylindrical  antenna.  Curiously,  it  turns  out  That 


11-16 


13.  ANALYSIS  OF  BSSFOHSE  OF  TBERtOCOUFU;  INSTNIDCNTED 

DSVICES  IX)  SHOBT-PUISE  laABSIHtT^ 

Richird  K.  Fry 
D.  £oyd  Barker 

Oniveralty  of  Denver 
Denver,  Colorado 

With  the  aasucption  that  the  hildgewlre,  themecouple  and  re¬ 
cording  Inatruoent  behave  aa  auceeaalvely-eoupled,  linear  ayatan, 
an  analysla  vaa  perfonaed  to  detendne  the  reaponae  of  the  aeveral 
componenta  of  the  ayatem  to  abort  pulaea  of  electrical  energy  into 
the  brldgewlre.  Both  qualitatively  and  quantitatively  the  aathe- 
oatlcal  nodel  ao  deviaed  agreea  with  the  experlaentally  detaminad 
behavior  of  the  phyaicel  ayatem.  Thta  modal  and  Ita  verification 
make  poaalble  the  calibration  of  inatnimented  dcvleea  to  recover 
pulae  energlea  end/  or  bridgewlre  temperature  from  the  output  of 
the  recorder.  Table  1  liata  ell  the  ayebola  uaed. 

1SKBI£  .  1 

T,  •  temperature  of  bridgewlre  above  ambient,  *C 
Tj  •  temperature  of  thermocouple  above  ambient,  *C 
t,  *  diaaipation  conatant  of  bridgewlre,  vatta/  *C 

Z;  •  tine  conatant  of  bridgewlre,  maec 

-  time  conatant  of  themecouple  in  Inatrumented  BD,  maec 

1}  •  riae  time  of  thermocouple  for  abort  pulae  into  bridgewlre,  maec 

-  ti me  conatant  of  recorder,  maec 


1.  Thla  work  vaa  aupported  by  Sandle  Corporation.  The  complete 
analyala  and  experimental  reaulta  may  be  found  in  reference  6. 
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C|  -  heat  capacity  of  bridBewlre,  Joules/  *C 
P  -  power  delivered  to  bridgeulre,  mwatta 
'•  -  voltage  output  of  thermocouple,  )i  volts 
e  -  deflection  of  recorder,  cm 
C  -  steady-state  ratio  of  P  to  v,  mwetts/^  volts 

C  -  steady- state  ratio  of  P  to  ©,  mwatts/cm 

D  -  ateady-atete  ratio  of  T  to  v,  ’c/  jj.  volt 

B'  -  steady-state  ratio  of  T  to  C,  *C/em 

E  -  energy  of  short  pulae,  fx  Joules 

BESFOHSE  OF  TIIE  SYSTEM  TO  SHORT-PULSES  07  BORGY 
The  analysis  of  the  effect  of  short  pulses  of  power  upon  bridge- 
wire  temperature  has  shown  that  for  a  pulse  whose  duration  is  short 
compared  to  the  brldgewlre  time  constant, the  temperature  approxi¬ 
mates  a  step  discontinuity  which  Is  proportional  to  the  pulse  energy 
and  inversely  proportional  to  the  heat  capacity  of  the  Brldgewlre,  l.e.. 
T  ■  E/c, .  After  the  stap  discontinuity  at  the  tine  of  the  pulse,  the 
brldgewlre 's  temperature  decays  exponentially  with  the  brldgewlre 's 
chanstcrlstlc  time  constant  (Figure  2). 

T;(i)=  4-  txp  (-t/r,)  (1) 


2.  A  short  pulse 
of  1^  or  less 
cluslona  hold 
Is  as  high  as 


cs  used  here  is  one  whose  duration  is  on  the  order 
of  the  brldgewlre 's  tine  constant  although  the  con- 
to  a  fair  approximation  for  pulses  whose  duimtion 
10^  of  the  bridgswlre's  time  constant. 
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The  analysis  has  also  shown  that  for  short  pulses  of  power  Into 


the  hrldgeulre,  the  output  of  the  themocouple  exlilhits  a  step  disconti¬ 
nuity  in  its  time  derivative  at  the  time  of  the  pulse.  The  discontinuity 
in  the  time  derivative  Is  proportional  to  the  pulse  energy  (Figures  1 
and  2). 

vi'i*)  *  v(*-)  +  IrT 

ccr. 

After  a  eharacteriatlc  tine  which  depends  upon  the  tbersueouple  and 
brldgewire 


the  'Ufferenee  between  the  themocouple  output  and  what  it  would  have 
been  were  there  no  pulse,  achieves  a  naxlmun.  The  iriaartaum  differ¬ 
ence  is  proportional  to  the  energy  of  the  pulse  (Figures  1  and  2.) 


£ 

r.C 


Figure  1  is  a  graph  of  thermocouple  output  for  a  short  pulse  of  energy 
into  the  brldgevlre  as  calculated  from 


cfefy  { }  (5) 

by  assuming  a  ten  alllisecond  brldgewire  tine  constant  and  a  hO  milli¬ 
second  themccouple  time  constant.  (Figure  $  is  e  typical  experimental 
record.)  It  is  worth  nettmg  that  the  area  under  the  curve  is  also 
proportional  to  the  pulse  energy. 


To  illustrate  the  theory.  Figure  2  Is  a  graph  of  hridgewire 
temperature  and  thermocouple  output  as  a  function  of  time  as  predicted 
by  this  analysis  when  the  power  Input  Into  the  brldgewlre  la  short 
pulses.  Calculations  for  this  graph  were  made  from  the  appropriate 
e(piatlons.  The  two  time  constants  r  and  7^  were  chosen  to  be  10 
milliseconds  and  20  milliseconds  respectively.  This  gives  the  char¬ 
acteristic  time  (  fj)  of  13.9  milliseconds  after  a  pulse  th?'*'  the  thermo¬ 
couple  outpjt  achieves  a  maximum  over  whet  it  would  have  been  were 
there  no  pulse.  (Note  that  the  shape  of  the  curvet  would  be  different 
for  a  different  pair  of  time  constants.)  Calculations  for  the  graph  were 
based  upon  the  Initial  conditions  of  ambient  temperature  and  aero  thermo- 
ccuple  output.  Pulses  of  energy,  E, ,  and  Ej,  whose  durations  ere  100 
^seconds  or  lets,  strike  the  brldgewlre  at  t*0,  t*20  and  t>50  milli¬ 
seconds  respectively.  The  relative  ratios  of  the  3  pulse  energies,  X, ; 

E^i  E,,  are  U;  1;  2.  Since  the  pulse  duration  la  100/<teconda  or  leas, 

It  it  Justifiable  to  graph  the  brldgewlre  temperature  at  a  step  dlaeontlnu- 
Ity  at  the  time  of  the  pulse  when  actually  the  brldgewlre 's  temperature 
rites  continuously  during  the  pulse  duration.  The  same  argument  holds 
for  the  discontinuity  In  the  slope  of  the  thermocouple  voltage. 

On  the  graph,  J  la  the  proportionality  eonstant  between  the  maxi¬ 
mum  effect  of  a  given  p'llse  on  thermocouple  voltage  and  the  pulse  energy. 


(7) 


and  Is  the  13.9  millisecond  chsrmcterlstlc  tlse  time  for  the  syaten 
of  a  10  millisecond  brldgewlre  and  a  20  millisecond  thermocouple.  Rotlce 
that  this  rise  time  Is  the  time  after  the  pulse  that  the  thermocouple 
voltage  achieves  a  maximum  above  what  It  would  have  been  were  there  no 
pulse,  nils  does  not  mean  that  the  voltame  Itself  nacetaarlly  achieves 
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a  maximum  value  13.j3'9  milliseconds  after  the  time  of  the  pulee.  (In- 
•pectlon  of  the  graph  indlcataa  this.)  Also  notice  that  the  peak  voltage 
vhen  multiplied  by  the  steady  state  calibration  gives  the  temperature  of 
the  bridgewire  at  the  time  vhen  the  peak  voltage  occurred  but  this  tem¬ 
perature  Is  markedly  less  than  the  peak  brldgtvlre  temperature  vbleh 
occurred  previous  to  the  recording  of  a  maximum  voltage.  In  fact, 
the  hlgheet  peaks  of  voltage  do  not  necessarily  oorrespond  to  the  highest 
temperatures  achieved  by  the  brldgawira:  the  voltage  peaks  due  to 
puleee  1  and  2  are  about  the  same  height,  yet  the  temperature  achieved 
by  the  bridgewire  la  three  time  as  high  for  pulse  1  as  for  pulse  2.  For 
the  voltage  peaks  due  to  pulse  2  and  3,  the  higher  voltage  corresponds 
to  the  lower  maximum  temperature.  These  eonal delations  indicate 
that  some  care  must  be  used  in  interpreting  the  voltage  output  of  a 
thermocouple  which  is  InatrusMntlag  an  ED. 

Another  conclusion  can  be  dnam  from  the  analysis  eonoamlng 
the  thermocouple j  if  tiie  theraoeouple's  beat  capacity  Is  deeraasad, 
e.  g..  by  using  a  thinner  substrate,  thereby  decreasing  the  thanoeouple 
tlM  constant,  then  the  voltage  of  the  thermocouple  will  achieve  a  higher 
maximum  above  what  It  would  havo  been  were  there  no  pulse  (e^.  k). 

Figure  3  is  a  graph  of  the  voltage  output,  for  thomoeouples  with  various 
tine  constants  (In  mllllsecoads),  all  other  conditions  being  Identical, 
and  for  a  bridgewire  time  constant  of  tea  iillllsecoods,  for  short  pulse 
inputs  Into  the  brldgswlre.  An  Instantly  responding  thermocouple's 
output  replicates  the  bridgewire  temperature.  For  slower  responding 
theimocouplca  (with  the  same  dc  sensitivity)  the  peak  Is  delayed  and 
lowered.  It  Is  Interesting  to  note  that  the  area  under  each  of  these 
curves  is  the  same,  and  that  the  ratio  of  pulse  energy  to  area  under 
tbs  curve  depends  upon  the  steady  state  ratio  of  voltage  output 
of  thermocouple  to  input  power  Into  bridgewire  (eg.  6). 
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Vfhen  the  voltage  of  the  thensocouple  Is  used  to  drive  a  record- 
leg  Instrument,  the  recorder's  time  rebponse,  unless  instantaneous, 
distorts  the  transient  response  to  short  pulses  in  three  significant 
vays;  although  the  voltage  of  the  themocouple  suffers  a  step  dis¬ 
continuity  in  its  tlsw  derivative  at  the  time  of  the  pulse,  the  output 
of  the  recorder  is  continuous  in  its  time  derivative.  The  other  two 
distortions  caused  hy  the  recorder  are  that  the  recorded  peek  is  both 
lowered  and  delayed  in  time  from  that  of  an  instantly  responding  raeordsr 
(which  replicates  tha  thenaoeoupla  voltaga).  Figure  4  la  a  graph  cal¬ 
culated  to  show  tha  affect  of  tha  recorder's  time  constant  upon  the 
respmse  to  short  pulses. 


^  np  (f) 


(8) 


The  recorders  are  assuaed  to  hava  the  saae  de  ealihratlon.  An  in¬ 
stantly  resDiindinc  recorder  and  themocouple  replicates  tha  hrldflewlre 
tdnperature.  An  instantly  responding  recorder  replicates  the  themo- 
eoupla  output.  For  other  than  instant  respensa  the  effects  Matlened 
shove  are  evident.  It  will  he  noted  that  the  areas  under  theas  curves, 
too,  are  the  sam  and  depend  only  on  the  pulse  energy  and  the  steady 
stats  ratio  of  recorder  output  to  power  into  the  hrldgewire.  The 
■aslMn  recorder  indication  is  proportional  to  the  pulse  energy,  low- 
ever,  an  expression  for  tha  peak  height  la  not  as  ssslly  ohtaissd  as 
for  an  instantly  raspmdlng  reeordar  (e^.  A),  lha  nairtnun  value  of 
eguation  8  as  a  function  of  the  tine  constants  oust  ha  evalustod  hy 
nunerleal  netbods. 
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METHODS  FOR  RECOVERING  FUISE  tNERCTr  AND 


BRlDGEtflRE  TEMFERAIVRE 


nie  theoretical  enelyele  su^eite  two  Mthode  for  recovering  the 
pulee  energies  froa  the  recorder's  output,  snd  two  Methods  for  recoTorlng 
hrldgsvlre  trsasleet  toperstores. 

Since  the  peak  of  the  recorder  output  Is  proportional  to  the  pulse 
energy  (e^.  8),  the  pulse  energy  can  ha  inferred  froa  the  peak  bal^t 
and  a  knowledge  of  the  proportionality  constant.  A  direct  eallhratlon 
seena  swst  easily  achieved  and  accurate.  Pulses  of  knern  energy  can  he 
Introduced  Into  the  hrldgewlre  hy  discharging  a  capacitor.  Ihe  capacitor 
value  la  chosen  to  give  the  pulse  a  sufflelantly  short  duration.  Ihe 
ratio  between  this  known  energy  and  the  neasursd  peak  recorder  Indloatlon 
provide  a  naans  of  deteralnlag  unknown  pulee  energies  fron  the  height  of 
the  recorder  Indication. 

Since  the  area  under  the  galvononeter  raoord  Is  also  proportional 
to  energy,  the  pulse  energy  can  he  oalculated  fron  the  area  under  the 
eurve  and  a  kuowledge  of  the  proportionality  constant  C. 


£-  c'  Je  di 


(9) 


This  aetbod  la  appUoahle  for  other  than  pulse  Inputs  Into  the  hrldgswlra 
snd  suob  sn  Integral  will  result  la  tbs  total  «Mrgy  supplied  to  the  hrldgt> 
wire  for  a  given  period  of  tine  If  tbs  Units  of  Integxntlon  are  hetwe» 
gulesoent  valuaa  of  recorder  output. 

One  aetbod  of  tenporature  reeoveiy  Is  appUcSblo  only  to  short 
pulse  Inputs.  It  is  based  upon  the  fact  that  the  hrldgewlre  paak  tsapsra 
ture  due  to  a  short  pulse  Is  proportional  to  the  pulse  energy  tad  Inversely 
pr^rtlonal  to  the  heat  edacity  of  the  hrldgewlre.  Ihls  result  Is  lads* 
pendent  of  whether  the  egolh  Is  loaded  or  lastrunanted  provldad  the 
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pulse  duration  is  short  compared  to  the  brldgewire's  time  constant  in 
the  given  thermal  environment.  Thus  for  short  pulses  of  energy 

^  E/<^,  (10) 

The  pulse  energy,  E,  can  he  found  from  either  of  .the  two  described 
methods  and  a  knowledge  of  C, ,  the  brldgewlre  heat  capacity,  can  be  de¬ 
duced  from  the  product  of  the  bridgewlre’s  time  constcst,  .  and  the 
brldgevlre's  dissipation  constant,  t,  ,  both  of  which  can  be  measured. 

A  second  method  of  temperature  recovery  lu  of  more  general  applica¬ 
bility;  the  equation  relating  recorder  output  to  brldgewlre  tnperature 
is: 

T(-L)  X  O'  {e 

where  S'  is  the  steady  state  ratio  between  brldgewlre  temperature  and 
recorder  indication.  If  the  time  constant  of  the  recorder,  2^  ,  Is 
negligible  compered  to  the  time  constant  of  the  tbamoeouple,  2^ ,  then 

7^fi)  •  D  {  6  *  (18) 

It  has  been  suggested  (refs.  Z,3)  that  a  coai^ter  be  used  to  recover 
the  brldgewlre  temperature  from  the  thermocouple  output  through 
equation  12.  An  analysis  of  the  computer  requirements  for  stability 
and.  drift  has  been  carried  out  (ref.  U).  Because  of  these  reqiirenenta, 
it  was  suggested  that  a  laboratory  computer  with  adjustable  parameters 
S'  and  would  be  the  most  feasible  for  data  reduction.  The  expense 
and  ccnplexlty  of  computers  for  each  Instrumented  BED  would  be  pro¬ 
hibitive.  (See  reference  2,  ')  end  h  for  a  aore  eoagplete  discussion.) 
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It  should  be  noted  here  that  the  recorder  of  the  theniocouple  output  should 
have  a  response  time  much  faster  than  the  thermocouple  and  should  have 
an  output  easily  transformed  Into  a  voltage  In  order  that  such  a  data  re¬ 
duction  system  he  meaningfully  utilized.  If  a  computer  Is  not  used,  the 
data  could  he  manually  reduced  for  selected  points  hy  a  measure  of  v 
and  dv/dt  from  a  graph  and  using  the  constants  to  calcultate  the  tempera¬ 
ture  of  the  hrldgeulre.  With  only  a  little  experience  the  person  reducing 
the  date  vould  he  able  to  recognize  the  points  corresponding  to  high 
hrll«,culre  temperature  and  calculate  orJ.y  these. 
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Flg'tre  Z.  Bridgewire  temperature  and  thermocouple  voltage  at  a  function  of  time  for  thort 
puUet  of  energy  into  bridgewire. 


Figure  1.  Thermocouple  voltage  due  to  a  short  pulte  of  energy  into  the  bridgewire. 
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13.  DISCUSSION 


Mr.  Davey  of  The  Franklin  Institr.te  commented  that  one  can 
conduct  a  DC  Bruceton  sensitivity  test  of  the  explosive  device, and  the 
instrumented  device  can  be  calibrated  under  the  same  input  conditions. 

Good  agreement  has  been  found  betvfeen  instrumented  Ef^D  readings  and  firing 
sensitivity.  This  has  been  done  primarily  for  relatively  long-d\iration 
(10  second)  pulses. 

A  representative  of  NWL  commented  that  in  his  experience  a 
correction  was  found  necessary  for  this  to  be  accomplished. 

Another  person  commented  that  his  organization  experimented  with 
platinum  wire  thermometers  as  a  means  of  measuring  bridgewira  temperature. 
This  technique  can  permit  the  device  to  remain  loaded  with  some  inert 
material  or  with  the  explosive  itself, 

A  comment  was  made  that  measuring  bridgewire  resistance  using 
conventional  means  of  doing  this  (Wheatstone  Bridges  and  similar  devices) 
would  cause  an  entirely  different  RF  piotoa'e  by  creating  different  inped- 
ances  and  coupling. 
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14.  METHODS  OF  MEASURING  RADIO  FREQUENCY 
POWER  AT  A  GIVEN  POINT  IN  A 
HIGH  LOSS  SYSTEM 

G.  H.  McKay,  N.  P.  Faunce,  R.  F.  Wood,  P.  F.  Mohrbach 
The  Franklin  Institute 

1 .  INTRODUCTION 

One  of  the  major  problems  that  has  always  existed  in  tha  field 
of  radio  frequency  measurements  has  been  the  accurate  determination  of 
RF  power.  In  recent  years,  measuring  equipment  has  been  refined  so  that 
accurate  measurements  of  this  power  can  be  made  at  any  point  where  it  is 
possible  to  introduce  measuring  equipment.  If  the  system  being  used 
can  be  assumed  lossless,  then  the  power  determination  one  might  make 
from  the  port  of  a  directional  coupler  placed  in  the  system  can  be  expected 
to  be  a  reasonable  representation  of  ths  power  passing  some  other  point 
in  the  system.  Todaj”,  standard  line  components  placed  in  a  sys+em  with 
a  very  low  voltage  standing  wave  are  good  approximations  of  lossless 
systems . 

In  the  evaluation  of  the  behavior  of  electroexplosive  devices 
when  exposed  to  RF  we  rarely  are  fortunate  enough  to  have  small  standing  - 
waves.  Most  standard  laboratory  equipment  has  a  characteristic  impedance 
of  50  ohms  and  most  EED's  have  an  impedance  differing  greatly  from  this. 
When  it  is  necessary  to  couple  the  power  from  a  50-ohm  system  into  an 
FED  by  an  impedance  matching  device,  the  resulting  standing  waves  between 
the  matching  device  and  the  EED  may  become  quite  lerge,  so  that  the 
system  components  begin  to  cause  losses  comparable  to  the  losses  in  the 
EED  itself.  Under  such  conditions  it  is  obviously  inaccurate  to  assume 
that  all  of  the  power  matched  from  the  generator  into  the  system  is 
arriving  at  the  EED.  While  it  would  be  advantageous  to  have  RF  systems 
in  idiich  the  system  impedance  was  the  same  as  the  termination,  at  the 


present  time  this  would  be  too  vast  a  problem  for  the  large  variety  of 
impedances  represented  by  the  many  kinds  of  EED's.  The  alternative, 
then,  is  to  determine  either  the  losses  in  the  measuring  system  or  the 
amount  of  power  actiially  arriving  at  the  EED. 

While  there  are  probably  many  ingenious  ways  of  approaching 
this  problem,  we  are  at  present  investigating  three,  and  two  of  these 
are  actually  in  operation.  We  will  refer  to  these  techniques  as  the 
differential  power  technique,  the  voltage-impedance  technique,  and  the 
voltage-min-max  technique. 

2.  THE  DIFFERENTIAL  POWER  TECHMIQUE 

Figure  1  shows  a  block  diagram  of  the  ccmponents  necessary  for 
the  differential  power  measuring  system.  Superficially,  the  concept  is 
relatively  single.  Using  directional  couplers,  we  are  able  to  measure 
the  incident  and  the  reflected  pov/ers  in  a  transmission  line.  The 
difference  between  these  quantities  is  the  net  power  flow,  and  if  the 
couplers  can  be  located  close  to  the  load  one  has  a  good  approximation 
of  the  power  arriving  at  the  load.  If  most  of  the  power  is  being 
reflected  from  the  load  then  the  difference  between  the  incident  power 
and  the  reflected  power  becomes  very  small  and  the  errors  can  be  such 
that  the  method  can  become  practically  useless.  The  cumulative  errors 
involved  in  this  approach  can  be  somewhat  minimized  by  using  one  meter 
for  both  the  incident  and  the  reflected  power  determination.  In  this 
case,  the  meter  can  be  adjusted  for  zero  reading  when  the  line  is 
terminated  in  a  short  circuit,  that  is  when  the  incident  power  equals 
the  reflected  power.  If  the  detectors  are  properly  selected  and 
carefully  calibrated,  the  major  errors  of  this  technique  are  related 
to  the  reflection  coefficient  of  the  termination,  and  the  directivity 
of  the  couplers  used. 


14-2 


The  error  equations  are; 


D  =  directivity  of  couplers  (db) 

0  =  reflection  coefficient. 

The  curve  of  these  results  is  plotted  in  Figure  2.  From  it,  one  can  see 
that  the  possible  error  becomes  quite  large  as  the  reflection  coefficient 
approaches  1.  The  greater  the  directivity  of  the  couplers,  the  more 
reliable  the  results  become,  but  even  then  the  maximum  error  approaches 
one  per  cent  for  a  reflection  coefficient  of  0.55  and  10  per  cent  for 
reflection  coefficients  of  approximately  0.92.  It  should  be  noted  that 
this  analysis  is  based  on  maximum  error.  Directivity  error  occurs 
because  directional  separation  is  not  perfect,  so  that  part  of  the 
reflected  power  is  measured  with  the  Incident  power  and  vice  versa;  the 
error  may  be  reduced  by  use  of  phase  shifting  techniques.  In  the 
development  of  the  error  equation  it  was  assumed  that  the  desired  and 
undesired  voltages  add  at  the  coupler  auxiliary  porta,  in  the  phase 
relationship  that  produces  maximum  error.  Adjustment  of  this  phase 
relationship  could  greatly  minimize  the  directivity  error. 

This  technique  would  seem  to  be  capable  of  good  precision  with 
suitable  refinements.  However,  for  our  specific  needs  at  the  moment  it 
was  decided  that  other  techniques  could  be  brought  to  a  usable  stage 
more  quickly.  Additional  refinement  was  therefore  teiqcorarlly  suspended. 
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3.  THE  VOLTACa-IMPEDANCE  TECHNIQUE 


The  net  power  passing  a  point  on  an  arbitrarily  terminated 
transmission  line  can  be  calculated  by  measuring  the  RMS  voltage  and 
the  input  impedance  of  the  line  at  the  same  point.  Figure  3  shows  a 
diagram  of  the  transmission  line  and  its  equivalent  circuit.  The  input 
impedance,  Z  ,  is  measured  looking  into  the  load  from  a  point  at  a 
distance  s  from  the  load.  Since  the  voltmeter  input  impedance  parallels 
Z^,  it  will  not  affect  the  measurement  of  load  power,  although  to 
the  generator  it  appears  as  an  additional  load.  The  power  dissipated 
beyond  the  voltmeter  junction  can  be  esqpressed  by 

where 

Pnet  “  power  dissipated  beyond  point  8 
V.  =  magnitude  of  EMS  voltage  measured  at  point  s 
Yg  ®  input  admittance  of  traiismission  line  at  point  s 
Re  =  real  part  of 
Im  =  iaiaginary  part  of 
G  »=  real  part  of  Y  , 

S  8 

This  can  be  reduced  to 


where 

R  «  ml  part 
X  =  imaginavy 


2 

V.  R 

P  E  V 

^net 


watt 


of  Z  the  input  in^pedance 
8 


part  of  Z  . 
8 


If  the  section  of  transmission  line  between  the  voltmeter  and 
load  is  lossless  then  the  net  power  is  equal  to  the  power  dissipated 
by  the  load. 

The  accuracy  of  the  power  determination  depends  on  the 
accuracies  of  the  voltage  and  impedance  measurements.  The  voltage 
measurement  accuracy  is  generally  good  (+5^  or  better)  at  frequencies 
up  to  about  500  Me.  Above  this,  special  calibrating  methods  must  be 
used.  One  such  method  involving  a  calorimetric  power  meter  is  si.'own 
in  Figure  4.  The  power  meter  terminates  the  transmission  line  in  a 
matched  impedance  (50  ohms);  hence  the  magnitude  of  the  rras  voltage 
(V)  at  any  point  on  the  line  equals  the  incident  voltage  to  the 
calorimeter.  This  voltage  is 


where 


P  ■=  power  measured  by  calorimeter 

=  characteristic  impedance  of  the  transmission  line. 


The  voltmeter  is  connected  at  any  point  on  the  line  and 
calibrated  against  the  calorimeter  reading,  which  is  accurate  to  better 
than  i5^.  Since  our  calorimeters  are  good  up  to  100  watts,  a  inaximum 
of  about  70  volts  rms  can  be  calibrated  directly. 

Impedance  measurements  are  made  with  several  instruments,  the 
choice  depending  on  the  frequency.  Accuracy  generally  falls  off  for 
low  impedance  raeas'i.'»’'ents,  however,  which  is  unfortunate  since  most 
of  our  terminations  n<  ve  impedances  of  about  one  ohm. 

The  overall  accuracy  oi  the  voltage  impedance  method  of  measuring 
net  power  can  be  computed  for  various  magnitudes  of  load  impedance 
ond  frequencies,  given  the  individual  accuracies  of  the  system  components. 
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The  net  power  through  an  arbitrarily  terminated  transmission 
line  can  be  expressed  in  terms  of  the  voltage  standing  wave  maximian  and 
minimum  by 

P  =  (watts) 

n  R 

o 

where 

=  net  power  (watts) 

V  =  RMS  magnitude  of  line  voltage  at  a  voltage 

maximum  (volts) 

V  .  =  RMS  magnitude  of  line  voltage  at  a  voltage 

minimum  (volts) 

R  =  characteristic  impedance  of  transmission 
line  (ohms) 

In  actual  practice,  if  one  places  a  slotted  line  with  a  probe  between 
the  matching  section  and  the  termination,  the  proper  readings  can  be 
taken  to  show  the  power  passing  this  point. 

While  in  principle  this  is  simple,  there  are  several  special 
questions  which  one  must  consider.  First,  is  it  possible  to  use  the 
concept  with  waveguide,  since  it  is  difficult  to  define  characteristic 
impedance  with  waveguide?  Fortunately,  the  answer  appears  to  be  yes, 
if  we  make  use  of  a  quantity..  D^,  the  scale  indication  in  arbitrary 
units  of  the  galvanometer  used  with  the  probe. 

Then, 

^  =  f(D^)  (watts) 


in  this  expression  is  the  voltage  appearing  at  the  probe  when  the 
line  is  terminated  in  a  power  meter  with  a  characteristic  impedance 
equal  to  that  of  the  system.  is  also  given  by 


where 


\  ""  'Sj^Lo  (volts)  (6) 

is  the  power  measured  by  the  power  meter 
as  a  load. 


This  being  accepted,  we  can  calibrate  the  crystal  detectors  of  the  probe 
in  terms  of  D^.  If  this  calibration  and  all  subsequent  calibrations 
are  carried  out  within  the  square  law  response  of  the  crystal  detectors 
then  it  can  be  shown  that 


P  =  kTo  D  ,  “1  ^  (watts) 
n  max  minj 

where 

Pt 

K  =  (watt/volt) 

X 

This  eiqsresslon  can  be  used  directly  with  waveguide  systems  and  wave¬ 
guide  slotted  sections. 


Since  the  measurement  requires  two  voltage  readings  physically 
separated  by  a  quarter  wave  length,  one  might  also  raise  the  question 
at  >dilch  point  in  the  line  is  the  power  really  being  determined.  An 
analysis  of  the  problem  with  the  assumption  that  the  losses  per  unit 
length  of  line  are  very  small  leads  to  the  expression 
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This  gives  the  distance,  expressed  in  wavelengths,  from  the  position 
at  which  S,  the  standing  wave  ratio  is  strictly  correct,  to  the  poeition 
where  Vn  is  measured.  It  is  apparent  from  this  expression  that  S 
need  not  become  very  large  before  the  point  of  power  measurement  is 
located  very  close  to  the  poeition.  Figiure  5  is  a  plot  of  equation  8. 
It  can  be  seen  from  this  that  by  the  time  the  VSWR  has  reached  a  value 
of  7  the  distance  from  the  poeition  is  extremely  small.  Ae  S  becctnee 
small,  the  location  of  S  moves  away  from  w  but  llkewiee  the  line 
losses  become  very  small. 

One  other  point  should  be  made  regarding  thie  approach.  When 
the  wave  length  ie  short  enough,  eeveraJ.  found, 

and  determination  of  tne  actual  loseee  along  the  line  can  be  made.  The 
data  can  then  be  extrapolated  down  to  the  base  of  the  teet  device.  We 
are  presently  making  uee  of  this  syetem  in  the  1  Go  to  10  Gc  frequency 
range. 

5.  COLLUSIONS 

Three  methods  for  determining  the  actual  RF  power  paseing  a 
given  point  in  a  lossy  system  have  been  described.  All  three  of  bheee 
systems  have  been  actually  assembled  and  used  and  two,  the  voltage^ 
liipedance  and  voltage  min-max  teohniquesf  are  in  ccmaon  use  in  our  firing 
systems  at  the  present  time.  In  general,  we  have  found  the  voltage* 
Impedance  system  effective  and  the  more  easily  used  system  at  frequencies 
up  to  500  Mo,  and  the  voltage  min-max  system  more  effective  from  1  Go 
to  10  Gc.  From  500  I!c  to  1  Gc  either  system  ie  used.  These  techniques 
have  gone  a  long  way  toward  solving  the  problem  of  detenninlng  the 
actual  RF  power  dissipated  in  electroexplosive  devices.  However, 
considerable  refinement  ie  still  necessary.  Furthermore,  alternative 
solutions  must  be  kept  in  mind,  for  the  field  of  RF  measurements  ie 
surely  not  a  static  one  at  the  present  time.  While  little  is  certain 
in  tide  field,  the  regions  of  doubt  are  growing  ever  smaller. 
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15.  DETERMINATION  OF  RESPONSE  OF  RF 
INSENSITIVE  DEVICES 

by 

N.  P.  Famine,  G.  H.  McKay,  R.  R.  Raksnis,  R.  F.  Wood,  P.  F.  Mohrbach 
The  Franklin  Institute 

I.  INTRODUCTION 

All  radio  frequency  fixes  are  conqjromises.  Some  choice  of 
balance  must  be  made  between  producing  minimum  effect  on  the  normal 
firing  signals  and  maximum  effect  on  any  other  electrical  signal.  Fixes 
must  be  particularly  effective  in  high  intensity  RF  environments. 

Within  this  area  there  are  a  great  number  of  possible  approaches  to  the 
problem,  and  each  one  poses  its  own  special  set  of  obstacles  when  it  is 
necessary  to  evaluate  their  effectiveness. 

In  the  general  class  of  RF-insensitive  devices  one  could 
include  dissipative  filters,  inherently  insensitive  electroexplosive 
devices  EED’s  containing  integral  attenuators,  lossy  transmission  lines, 
shielded  transformers,  special  relays,  and  many  others.  In  evaluating 
the  many  types,  it  is  useful  to  break  them  into  two  broad  categories* 
First,  those  that  are  integral  parts  of  the  EED  so  that  they  are 
virtually  inseparable}  and  second,  those  that  can  either  be  easily 
separated  from  the  EED  or  are  already  separated  and  are  to  be  addtd 
as  circuit  components  at  the  discretion  of  the  designer.  While  eac’ 
of  these  has  special  problems  of  its  own,  there  are  certain  general 
requirements  for  tests  that  can  be  set  dowJi  for  all  types.  A  brief 
list  of  such  requirements  might  include  the  following! 

a.  Determine  the  sensitivity  of  the  devices  to  dc 

stimuli,  or  the  degree  of  alteration  of  dc  stimuli 
by  the  device  under  test. 
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b.  Deterialne  the  degree  of  RF  rejection  over  the 
frequency  range  of  20  Kc  to  10  Gc.  This  should 

be  determined  under  worst-case  conditions  whenever 
possible . 

c.  Determine  the  ability  to  withstand  substantial 
power  absorption  without  mariced  degradation. 

d.  Determine  the  degree  of  ten^erature  rise  produced 
in  the  test  device  by  absorbed  power. 

e.  Determine  the  behavior  of  the  device  at  ten^jerature 
anl  humidity  extremes. 

Having  set  forth  these  general  requirements,  we  can  now  turn 
our  attention  to  some  of  the  specific  evaluation  problems. 

2.  INaiRTION  UNIT  EVALUATIONS 

The  devices  in  this  category  represent  a  wide  variety  of  types. 
They  are  characterised  by  the  fact  that  attachments  can  be  made  both 
to  their  input  and  to  their  output,  although  the  design  can  call  for 
a  specific  output  inqiedance.  The  fixes  in  this  group  include  electric 
wave  filters  which  depend  primarily  on  reflections  traa  discontinuities 
and  are  characterised  by  the  classical  L-C  filter,  dissipative  filters 
such  as  the  solid  state  attenuating  materials,  idilch  actually  convert 
electromagnetic  energy  into  other  forms  (usually  heat),  arming  systems 
such  as  the  solenoid  relay,  which  depend  on  shielding  of  the  electro¬ 
explosive  device,  and  cosqwsite  filters  which  make  use  of  combinations 
of  all  these  techniques,  such  as  the  RIG  (radiation  interference  guard). 

The  most,  inqwrtant  consideration  is  the  amount  of  RF 
protection  provided.  For  devices  which  are  not  designed  for  a  specific 
terminating  impedance,  the  characteristic  of  prims  interest  is  its 
worst-case  attenuation.  This  is  the  least  attenuation  afforded  under 
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ar^  conditions  of  source  and  terminating  impedances.  At  the  present 
state  of  the  art  in  the  laboratory  we  determine  this  attenuation  by 
two  methods. 

Figure  1  is  a  block  diagram  of  a  measurement  system  using 
matching  networics.  In  this  system  a  lossless  piece  of  transmission 
line  is  inserted  between  the  supposedly  lossless  matching  systemsfand 
the  systems  are  adjusted  until  maxifflum  power  is  indicated  on  the  power 
indicating  termination,  and  recorded.  At  this  point  the  reflected 
power  indicator  will  read  ser<j.  The  device  to  be  tested  is  now  placed 
between  the  matching  systems,  vdiich  are  adjusted  so  that  again  the 
reflected  power  reads  sero  and  the  power  Indicator  reads  a  maximum. 

The  attenuation  in  decibels  is  ten  times  the  logarithm  of  the  ratio 
of  the  two  powers.  To  the  extent  that  the  lossless  matching  systems 
are  perfect  (i.e.,  are  capable  of  transforming  any  impedance  into  any 
other  iiqjedance)  this  procedure  gives  the  worst'Case  attenuation.  This 
is  so,  because  the  matching  process  eliminates  reflection  of  power, 
and  the  remaining  attenuation  is  inherent,  being  true  dissipation  of 
energy.  At  the  present  time,  one  can  obtain  relatively  efficient  and 
lossless  matching  devices  in  the  frequency  range  from  approximately 
40  Me  to  10  Ge  arni  conceivably  to  even  higher  frequencies  if  desired. 

At  the  present  time,  however,  the  lower  frequencies  are,  in 
general,  taken  care  of  by  lun^d  component  matching  systems  which  tend 
to  be  Inherently  lossy  and  limited  in  their  range  of  matching  ability. 
Because  of  the  problems  Inherent  in  this  aig>roach  at  low  frequencies 
another  system  has  been  worked  out  idiick  makes  \ise  of  a  unique 
dissymmetrlcaloT  networic  model  determined  from  lsq)edance  measurements 
of  the  test  device.  A  full  discussion  of  this  procedure  is  presented 
in  a  separate  paper  in  the  miinites  of  this  meeting. 
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This  measurement  is  shown  diagramatically  in  Figure  2. 

Briefly,  the  real  network  is  first  described  as  an  equivalent 
dissymmetrical-T.  This  is  done  by  operating  on  input/output  impedance 
measurements  made  on  the  network.  From  the  knowledge  of  the  model's 
components  we  next  calculate  the  termination  v^ich  will  absorb 

maxim'offi  power.  Finally,  we  evaluate  the  ratio  of  the  input  power  to 
the  power  dissipated  in  the  worst-case  termination.  The  attenuation 
in  decibels,  db^^,  is  ten  times  the  logarithm  of  this  ratio.  Because 
of  the  complexity  of  these  calculations  we  avail  ourselves  of  a 
digital  computer.  The  system  is  limited  primarily  by  the  accuracy  of 
the  impedance  measurements  and  at  the  present  time  we  are  limited  to 
a  maximum  of  30  db  for  accurate  results.  The  technique  is  effective 
over  the  frequency  range  of  20  Kc  to  100  Me. 

Figure  3  presents  data  for  two  typical  devices  subjected  to 
these  measurements. 

While  there  are  special  evaluation  problems  (for  exanqjle, 
devices  with  very  low  impedances  make  matching  and  accurate  impedance 
measurements  very  difficult),  these  attenuation  measurement  techniques 
arc  applicable  to  Just  about  every  insertion  t,rpe  device.  However, 
there  are  some  devices,  that  have  been  designed  to  operate  with 
specific  terminations.  In  this  case,  the  worst-case  attenuation  value 
would  not  be  entirely  fair.  For  this  type  of  device  we  evaluate  the 
"terminated  power  loss"  (TPL). 

Many  different  arrangements  are  used  to  make  this  determination, 
but  basically  the  method  consists  of  mountir^g  a  brldgewire  of  the 
proper  terminating  inpedance  at  the  output  of  the  device.  Power 
dissipated  in  this  brldgewire  is  then  determined.  In  one  method  of 
doing  this,  an  infrared  detector,  situated  over  the  bridgewire,  is 
calibrated  in  terms  of  bridgewire  heating  for  a  given  power  dissipation. 
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On  the  input  end  of  the  device  it  is  necessary  to  determlm  the  amount 
of  power  entering'  the  unit.  One  comBonly  used  systMi  particularly  at 
the  lower  frequencies  Is  to  determine  the  voltage  and  the  ijqpedance 
at  a  point  close  to  the  input  interface  of  the  device.  With  thia 
information,  the  power  passing  this  point  can  be  determined.  The 
terminated  power  loss  in  db  is  then  conqiutsd  from  the  ratio  of  the 
ii^t  power  and  the  power  dissipated  in  the  temlnation.  Figure  4  ^ows 
a  block  diagram  of  such  a  system,  with  a  plot  of  titc  data  fim  a 
shielded  transfoxner  device  terminated  in  a  one-ohm  load. 

If  the  device  successfully  passes  these  tests  then  we  can 
proceed  to  investigate  its  effect  upon  dc  firing  pulsos,  its  ability 
to  dissipate  adequate  amounts  of  input  power,  and  the  amount  and  effect 
of  tesqserature  rise  on  the  device  >dten  exposed  to  large  irpit  powers. 

These  tests  are  either  straightforward  or  de|Mnd  on  the  same  techniques 
already  developed  for  the  attonuation  measurements. 

3.  EYALUATIOM  OF  HP  PROTECTSD  EED«s 

When  the  RF  protection  is  an  integral  part  of  an  elbctro- 
sxplosive  device,  the  prbblsm  facing  the  evaluator  is  considerably 
different.  In  the  ease  idiere  the  explosive  material  can  be  removed 
and  the  investigator  can  get  to  thu  bridgewlre  or  even  remove  the 
brldgewire  he  has  essentially  reduced  the  problem  to  the  same  as  that 
of  the  insertion  unit  type  Just  discussed  and  he  can  treat  it  accordingly. 
When  this  is  not  possible  or  when  one  wants  only  a  final  proof  test 
on  the  owaplete  item  without  removing  any  effects  of  the  explosive 
charges,  then  the  investigator  has  no  control  over  the  output  end  of 
the  device  Insofar  as  the  amount  of  power  arriving  there.  It  is 
necessary,  therefore,  to  devise  systems  which  can  tell  one  precisely 
how  much  power  is  passing  through  the  interface  on  the  iiqiut  side  of 
the  device.  Once  this  is  accomplished,  one  can  devise  statistical 
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programs  based  on  the  percentage  of  fires  or  non-fires  for  a  given 
power  input  vdiich  will  accurately  define  the  sensitivity  of  the  electro- 
explosive  devices  to  whatever  input  stimulus  is  being  applied.  These 
techniques  are  the  same  as  those  already  developed  for  evaluation  with 
dc  Inpmts  and  add  no  cosqallcatlon  beyond  the  standard  statistical 
evaluation  of  the  sensitivity  of  explosive  eon^xtnents. 

Figure  5  shows  a  block  diagram  of  a  typical  firing  qrstem. 

In  theory,  all  of  the  power  from  the  gmerator  is  transferred  into 
the  system  beyond  the  matching  section.  The  magnitude  of  the  power  is 
measured  at  the  directional  coupler.  If  the  system  beyond  the  matching 
system  was  relatively  lossless,  as  is  often  assumed,  one  could  then 
state  that  this  measured  power  was  delivered  to  the  EED.  Unfortunately, 
because  of  the  mismatch  between  the  InqiMdanee  of  the  line  and  that  of 
the  termination  much  power  is  reflected,  so  that  the  portion  of  the 
system  between  the  matching  arranganent  and  the  termination  absorbs 
much  of  the  power.  It  is  therefore  necessary  to  determine  either  the 
losses  in  the  system  or  the  amount  of  power  delivered  directly  to  the 
EED,  and  this  must  be  done  for  each  and  eve;iy  type  of  de/ice.  Several 
techniques  are  available  for  determining  power  passing  specific  points 
in  the  line,  and  while  none  are  without  their  complications  they  can 
be  used  under  certain  circumstances.  These  techniques  are  fully  discussed 
in  another  paper.  The  firing  techniques  are  ippUeable  to  both  protected 
and  standard  eieotroa)q>loslve  devices. 

Figure  6  shows  a  plot  of  data  obtained  on  two  devices,  the 
MASK  1  MOD  0  squib  and  the  MARK  2  IK3D  0  Ignition  Element .  It  can  be 
seen  from  the  data  that  after  correcting  for  system  losses  a  substantlcally 
flat  curve  was  obtained  for  firing  sensitivity  versus  frequency  up  to 
1000  Me.  Furthermore,  calculations  indicate  that  the  level  obtained 
is  about  the  same  as  the  smsitlvity  to  long-time  de  constant  current 
pulses.  Muiy  hot  wire  devices  show  this  behavior.  However,  one  cannot 
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state  this  as  an  absolute  rule  and  separate  consideration  must  be  given 
each  device.  Above  1000  Me  large  variations  in  behavior  have  been 
observed;  and  iMle  instrumentation  problems  become  inci*ea8ingly  difficult 
at  these  higher  frequencies  there  is  considerable  evidence  that  these 
variations  are  a  function  of  the  electroexplosive  devices  themselves. 

Figure  7  shows  a  plot  of  the  data  obtained  for  another  hot¬ 
wire  device.  In  this  particular  case  the  item  appeared  to  oecone  less 
sensitive  as  the  frequmey  increased  up  to  about  3  Ge.  Beyond  this 
point  there  was  evidence  that  the  sensitivity  Increased  until  at  10  Gc 
it  was  the  same  as  at  the  very  low  frequencies. 

All  of  the  data  shown  on  the  last  two  figures  were  for  CW 
sources.  When  the  stimulus  is  delivered  in  repetitive  pulses,  severe 
changes  in  sensitivity  are  often  noted.  However,  the  problem  of 
predicting  behavior  fur  any  pulse  width  or  repetition  rate  has  not  yet 
been  cooq>letely  solved. 

Numerous  problems  still  exist.  The  wide  variation  in  types 
of  EED's  continually  pnsent  now  problems.  For  example,  exploding 
brldgswire  types  which  make  use  of  a  series  gap  present  veiy  large 
reactive  impedances  while  matching,  but  if  the  g^  is  broken  down 
during  the  tast  the  impedazics  suddenly  becomes  veiy  small.  Interpretation 
of  such  conditions  can  be  veiy  difficult.  Many  kinds  of  devices  tend 
to  arc  at  the  hi^er  frequencies  and  under  pulsed  power  ii^t,  and 
occasionally  the  arc  occurs  at  places  ether  than  between  the  leads. 

Some  devices  appear  more  sensitive  when  the  power  is  applied  between 
leads  and  case.  The  design  of  mounts  strong  enough  to  withstand  many 
detonations  and  yet  properly  designed  from  an  RF  stan^int  is  s«Bstimss 
very  difficult.  But  while  many  problems  still  remain,  enormous  strides 
have  been  made. 
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4.  CONCLUSION 


We  have  atten^ted  to  give  a  very  brief  idea  of  the  techniques 
now  being  employed  to  evaluate  RF  fixes.  In  theory  and,  to  a  largo 
extent,  in  practice,  techniques  are  now  available  to  evaluate  properly 
the  RF  characteristics  of  any  RF  fix  over  the  frequency  range  from  20 
Kc  to  10  Gc  and  conceivably  to  even  higher  frequencies.  It  must  be 
kept  in  mind,  however,  that  each  device  may  present  new  problems  and 
may  demand  some  modification  of  the  basic  testing  procedures.  Furthermoi«, 
each  technique  has  its  limits  either  in  frequency,  magnitude,  or  impedance- 
handling  abllitiee;  further  refinement  and  study  is  required  before 
completely  routine  procedures  can  be  specified.  At  the  present  time, 
interpretation  is  difficult  in  some  special  cases  and  an  Investigator 
must  continually  question  his  procedures  wd  his  results  to  be  absolutely 
certain  that  he  has  determined  that  parameter  at  >^ich  he  originally 
aimed.  However  the  basic  concepts  have  been  laid  out  and  the  path  along 
which  one  can  proceed  le  much  clearer  than  it  was  three  years  ago. 

While  there  is  still  much  to  be  done  it  ie  now  possible  to  establish 
relatively  precise  relationship  between  RF  stimuli  and  the  fixes  and 
electroexplosive  devices,  and  through  calculation  to  relate  this  to 
actual  behavior  under  field  conditions. 
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16.  Recent  HERO  Research  Progress  P.  S.  Altman 

New  techniques  for  initiator  b.rldgc-.dro  instrumentation,  including  a 
variation  of  the  Ckilay  cell  and  an  infrared  sensing  head,  are  discussed  briefly. 
Three  new  devices  utilizing  a  metallic  shielding  effect  for  the  prevention  of 
electromagnetic  hazards  are  described.  A  method  for  non-destructive  testing 
of  initiators  for  determination  of  sensitivity  is  presented. 


17.  Some  Design  Considerations  for  RF  Insensitive  D.A.  Schlachter 

Electroexploslve  Devices 

An  RF  insensitive  device  is  defined  and  considerations  for  applying  RF 
attenuating  materials  in  the  design  of  such  devices  are  given.  Emphasis  is 
given  to  the  nature  and  amount  of  compromise  which  must  be  made  with  conflicting 
requirements.  Results  of  current  woric  on  speci^.l  ferrites  are  also  presented. 


18.  Low  Pass  Coaxial  Relay  Raymond  W,  Heidom 

George  V.  Zlninennan 

A  low  pass  coaxial  relay  has  been  designed  and  prototyped  which  provides 
virtually  complete  RF  isolation  for  an  electroexplosive  device  without  inter¬ 
fering  with  the  efficiency  of  the  firing  circuit.  It  employs  novel  and 
unusual  features  to  provide  fast  operation,  small  size,  and  high  temperature 
accommodations* 


19.  low  Band  Pass  Transformer  Amr.on  Cordon 

Radio  frequency  electromagnetic  radiation  from  communication  and  radar 
transmitters  has  been  shown  to  cause  accidental  firing  of  electrically 
initiated  explosive  devices.  An  effoctive  solution  to  protect  such  davices 
has  been  conceived  and  developed  in  a  form  of  a  small  transformer.  The 
transfonaer  utilises  a  non-ferrous  shield  between  the  primary  and  secondary 
windings  causing  a  reduction  of  the  power  trsnsaiitted  in  the  stop  band  of 
fi'equencies  and  yet  permits  the  operation  of  the  transformer  in  the  pass  band. 
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20. 


Radio  Freouencv  Interference  Ouard 


Karl  Kraus 


The  paper  describes  the  radio  interference  guard,  DC  and  AC  operation,  the 
novel  design,  the  analytical  approach  of  DC  parameters,  the  DC  and  RF  test 
evaluation  and  the  power  dissipation  measurements.  The  radio  interference 
guard  is  a  new  approach  to  protecting  clectroexplosive  devices  against  radio 
frequency  interferences.  Attenuation  of  radio  interference  guard  is 
accomplished  by  propagation  through  solid  metal. 


21.  RADHAZ  Proof  Magnetic  Coupling  Edward  A.  White,  Jr. 

The  RADHAZ  problem  with  aircraft  delivered  weapons  is  attacked  by  completely 
shielding  the  weapon  with  a  conducting  material.  A  method  of  communication 
between  the  plane  and  weapon  is  proposed  in  which  low  frequency  magnetic  fields 
are  propagated  through  the  shield.  It  is  shown  both  theoretically  and 
experimentally  that  electromagnetic  radiation  above  10  KC  will  be  attenuated 
to  a  negligible  value  for  reasonable  shield  thicknesses  and  for  adequate 
communication  bit  rates. 


22.  A  Mechanical  Pulse  Transfom-er  Roland  W .  Schlie 

Prevantion  of  RF  inputs  to  a  bomb  fuze  could  be  accomplished  by  using  a 
shielded  transformer.  With  the  primary  excited  by  the  aircraft  "intont-to- 
drop"  signal,  m.echanical-electrical  energy  transformation  produces  a  secondary 
output  when  the  transformer  is  partitioned  during  the  drop.  Thus,  neither 
electrical  energy  or  bomb  release  occurring  separately  could  cause  fuze 
initiation. 


23 .  RF  Sensitivity  of  Controlled  Rectifiers  Richard  J .  Sanford 

The  RF  sensitivity  of  the  silicon  controlled  rectifier  is  described,  as 
are  ways  of  decreasing  this  sensitivity.  These  principles  are  applied  in 
a  circuit  which  protects  electroexplosive  devices  against  low  frequency 
radio  signals  but  presents  negligible  resistance  to  the  DC  firing  signal. 
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16.  RECEWT  RESEARCH  PROGRESS 


Peter  Altmem 

U.  S.  Naval  Weapons  Laboratory 

IHTROimCTIOM 

This  paper  presents  soae  of  the  developnents  ve  have  observed  in 
the  HERO  research  program.  Themal  parameters  of  wire  bridge  Initiators 
were  described  by  the  Naval  Ordnance  Laboratory,  White  Oak,  Maryland, 
at  the  last  HERO  Congress,  and  continued  study  of  these  effects  hat 
yielded  some  new  guides  for  the  prediction  of  firing  sensitivity.  A 
pneumatic  systui  for  rf  hazards  meaaurenent  using  the  initiator  brldgsvire 
as  a  heat  source  .will  be  Illustrated,  and  an  Infrared  detector  contained 
within  a  squib  envelope  will  alto  be  shown.  New  HERO  fixes  which  are 
completely  adequate  for  the  prevention  of  rf  hasards,  when  \tsed  In 
conjunction  with  suitably  designed,  conventional  Initiators  will  bo 
described  briefly. 

THEBMftL  PARAMBTERS  FOR  nBlNO  SOEmVlTr  PiaCICTlON 

AO 

The  equation  P(t)*Cp  describes  an^roxlaately  the  theraal 

relationship  that  exist  in  a  conv«.tlonal  brldgrrtr.  Initiator.  Bsr. 
it  the  heat  cmmelty  of  the  wire  bridge,  7  It  the  thenwl  energy  lots 
"constant",  9  it  the  tsaperature  rite  above  aablent,  and  P  (t)  Is  the 
tims  dependent  power  ftmction.  An  additional  function  t  ■  Cp/7  oan  be 
specified  as  the  cooling  tisw  constant  In  conjunction  with  the  equation 
9  ■  9o  f  ’  (7/^)  The  tisw  constant  t  Is  the  tins  Interval  In  which 
the  tenperature  falls  froa  Its  aaxlsnai  value  9q,  to  9o/<  during  cooling. 
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So  we  have: 


Thermal  equation  with  yower  input. 

P  (t)  ==  Cp  f  +  re; 

Cooling  equation  with  power  off 

e  =  Qg  €  -  (’'/Cp)  ^ 

e 

yielding  for  the  time  to  e  =  — 

T  =  Cp/r 

Typical  values  of  these  parameters  for  the  Mk  1  Mod  0  squib  are: 

Cp  =  2.h  microwatt  seconds/'C 
y  =  600  microwatts/'C 
T  =  1*000  microseconds 

Short  stimulus  times  with  t  «  t  are  associated  with  a  firing  sensitivity 
which  is  primarily  energy  dependent.  With  a  firing  temperature  of  UjO’C 
above  ambient  the  amount  of  energy  required  for  firing  is  then  (470) 

(2.4  X  10  ^)  •  1130  X  10'^  watt  seconds  or  approximately  11,OOC  ergs. 

This  value  agrees  well  with  values  obtained  experimentally. 

By  an  extension  of  this  technique  a  number  of  new  non-destructive 
tests  on  wire  bridge  initiators  should  be  possible.  For  example, 
initiator  assembly  procedures  could  be  checked.  The  correct  application 
of  the  primary  explosive,  or  of  the  bridgevire  to  the  base  plug,  could 
be  verified.  Also,  safe  current  levels  for  initiator  testing  can  be 
predicted . 

Taking  a  conservative  value  for  maxlmmi  temperature,  say  the  l63*F 
specified  in  MUitary  Standard  304,  and  a  low  value  for  thermal  energy 
loss  "constant",  say  200  microwatts  per  degree  C,  we  have  50  x  200  x  IC"^  ■ 
10  milliwatts,  or  the  power  produced  by  0.1  ampere  flowing  in  a  1.0  ohm 
bsldgewlre. 


/  third  application  of  thermal  parameters  is  for  predicting  the 
response  of  initiators  to  pulses  of  different  lengths.  The  parameters 
Cp  end  y  vary  from  one  initiator  to  another.  The  Navel  Ordnance  Laboratory, 
White  Ofck,  Marylaau,  has  found  Cp  to  vary  from  3-^  bo  4.8  microwatt 
seconds  per  degree  centigrade  and  /  to  vary  from  250  to  5^0  microwatts 
per  degree  centigrade  in  a  single  lot  of  200  Kk  1  squibs.  We  expect 
that  it  will  be  possible  through  non-destructive  testing  to  isolate  from  a 
production  lot  of  initiators  some  which  are  sensitive  to  short  pulses 
with  lower  than  average  energy,  and  others  which  v/ill  require  more  than 
the  average  current  level  of  "constant  current"  power  for  firing.  These 
groups  would  consist  of  inltlstors  with  low  values  of  Cp  and  high  values  of 
7  respectively. 

A  study  program  to  verify  this  postulate  is  now  underway  at  NOL/WO. 

The  general  applicability  of  these  concepts  to  initiators  has  not  yet 
been  shown.  Thermal  pareii»eter8  would  not,  of  course,  be  expected  to  apply 
directly  to  carbon  bridge,  conductive  mix  or  exploding  wire  initiators 
because  their  mechanism  of  firing  Is  different  from  the  conventional 
wire  bridge  initiator.  We  anticipate  that  thermal  parameters  will 
furnish  a  powerful  tool  for  better  understanding  and  improved  quality 
control  of  conventional  wire  bridge  electric  initiators. 

INSTnUMENTATION 

The  ’-Uircel  Golay  ceil  (Figure  1.)  is  a  thermal  radiation  sensor 
which  uses  a  gas  therraojneter  optically  coupled  to  an  electronic  readout. 

/■  flexible  reflective  diaphragiii  rer.pondc  to  the  pneumatic  pressure  by 
physical  displacement  nnd  so  changes  the  light  path  in  an  optical  system. 

The  particular  configuration  developed  by  Randolph  K*con  College,  Ashland, 
Virginia p  (set*  Figure  2.)  for  HiRO  instrumentation  uses  optical  fibers 


for  the  optical-electronic  coupling.  Thiough  a  suitable  arrangement  of 
the  glass  fiber  Input  and  output  bundles,  the  photoelectric  system 
•produces  an  output  signal  when  the  bridgewire  is  heated  by  electrical 
energy.  This  technique  makes  it  possible  to  place  the  thermal  sensing 
head  (built  into  a  Mk  1  squib  case)  some  distance  from  the  electronic 
readout  system.  It  also  eliminates  the  perturbation  of  the  rf  fields 
around  the  Instrumented  squib  which  would  ordinarily  result  from  the 
presence  of  lead  wires.  This  system  is  capable  of  measuring  the  heating 
produced  by  100  microwatts  in  the  Mk  1  squib. 

A  second  technqlue  for  rf  hazards  measurement  consists  of  a  complete 
Infrared  sensing  system  using  optical  chopping  and  a  photoconductlve 
detector  all  contained  within  a  Mk  1  squib  cnse  (Figure  3).  7hls  system 
was  developed  to  provide  fast  response  to  bridgewire  heating  through  the 
use  of  a  l600  cycle  per  second  optical  chopping  rate.  It  Is  presently 
undergoing  evaluation  tests  at  Dahlgren. 

FIXffi 

Here  is  shown  a  solution  to  the  HSIO  problem  (Figure  k,).  It  consists 
of  a  metallic  case  which  completely  surrounds  the  initiator  while  also 
shunting  the  firing  leads.  As  an  electromagnetic  shield  it  is  svccessful, 
but  it  Introduces  a  new  problem.  The  initiator  is  greatly  desensitized 
because  the  firing  current  flows  around  the  initiator  and  through  the  shield. 
This  problem  can  be  alleviated  by  changing  the  physical  configuration  of 
the  shielding  enclosure  so  as  to  Increase  the  resistance  shunting  the  firing 
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signal,  .lie  resulting  increase  in  dc  shield  resistance  nates  it  possible 
to  fire  the  initiator  with  a  reasonable  firing  current.  (See  Figure  5*) 
V/lng  Cowmander  Gray  of  tne  lias  developed  an  adaptation  of  this 

approach  which  converts  the  shielded  volume  into  a  small  coaxial  line 
vlLh  an  iron  or  steel  shell,  this  device  is  called  the  radio  Interference 
guard  or  RIG.  It  will  he  described  in  more  detail  after  the  coffee  break 
by  Mr.  ICraus  of  Eendlx-ScintlUa. 

A  second  device  developed  by  Wing  Commander  Gray  and  using  the  "total 
shielding"  approach  is  the  low-band  pass  transformer.  (’^Igure  6.) 
this  device  works  by  coupling  low-frequency  firing  signals  through  the 
rf  shield  In  a  transformer  coupling  mode^  while  inhibiting  higher 
frequency  coupling.  These  transfonasrs  arc  now  being  made  with  firing 
signal  insertion  loss  of  less  than  5  decibels.  They  will  be  described 
in  detail  later  this  morning  by  a  representative  of  Saystron,  Incorporated. 

ihese  "total  rf  shield"  studies  at  Dehlgren  have  also  produced  a 
third  device  of  this  klnd^  a  "normally  shielded"  coaxial  relay  system, 
which  will  be  described  by  an  Elgin  National  Watch  Company  representative 
in  a  few  minutes. 
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SUMfiSi 


This  paper  has  presented  some  of  the  recent  flevelopnents  of  the 
HERO  research  program.  These  developments  include  three  new  fixes; 
the  low  pass  coaxial  relay,  the  low  band-pass  transformer,  and  the 
radio  interference  guard,  or  RIG,  all  invented  by  Wing  Commander 
R.  I.  Gray  of  the  R.A.F.  and  developed  at  Eahlgren.  Two  new  types 
of  HERO  instrumentation  which  are  presently  being  developed  were  also 
described,  the  pneumatic  fiber  optic  system,  and  the  miniaturized  infrared 
detection  system.  Also,  applications  of  conventional  wire  bridge 
thermal  peurameters  to  ordnance  development  were  discussed  briefly. 
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16.  DISCUSSION 


Mr.  Kelljr  of  The  Frenklln  Institute  asked  if  the  heat  capacity 
and  themal  time  constant  vnre  also  detemlned  non-destructlreljr. 

Mr.  Altman  answered  that  these  were  detemlned  the  application  of  low> 
energy  pulses  by  a  technique  that  was  prssented  at  the  last  tuiSO  Congress. 

A  Beckman  and  Whitley  representative  asked  to  what  extent  the 
miniature  Infrared  dstector  was  dsvelcped.  Mr.  Altman  answered  that  they 
have  an  operating  unit  with  aaqsllflers.  ehoppsr,  oscillator  and  power 
supplies.  Two  sensors  are  built  Into  the  ease.  Some  preliminary  chscklng 
has  been  conflicted  on  this  systm  but  mors  Is  required. 

It  was  asked  If  this  unit  will  be  available  to  Industry. 

Hr.  Altsan.  mentioned  that  Measursment  Systems  Inc.  manufactured  the  unit. 

Mr.  Amlcone,  of  Ths  Franklin  Instituts  comnentsd  that  this  non> 
dsstruotlve  test  metliod  was  not  only  feasible  but  also  practicable.  He 
said  that  The  Franklin  Instituts  has  been  able  to  apply  this  technique  to 
Individual  Initiators.  Not  all  types  have  been  examined  at  this  time,  but 
it  appears  that  It  can  be  applied  to  many  different  types. 

A  person  asked  what  the  pressure  equivalent  of  100  microwatts 
was  behind  the  dlaphra^  In  the  Oolay  sensor.  Hr.  Altman  replied  that 
Oolay  found  It  had  two  properties  (l)  a  very  hlgjh  sensitivity  and  (2)  a 
good  frequency  response.  He  had  further  details  for  Intersstsd  persons. 
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17.  SCM&  DESIGH  COieiDERAIFKHIS  FOR 

RF  INSEHSrilVE  EL^fflltogSCfe/iSltfE  DEVICES 

D.  A.  SchlAchter 
U.  S.  Htval  Weapons  Laboratory 
IHIROIlOCiTIOH 

The  term  "rf  Insensitive  devlee",  for  the  purposes  of  this  paper, 
will  define  an  explosive  device  Initiated  by  the  passage  of  electrical 
current  through  a  resistance  wire,  and  having  a  bias  against  rf  current . 

This  bias  will  be  acconpllshed  by  an  attenuator  designed  to  dissipate  rf 
energy  at  sane  place  other  than  the  resistance  wire.  Further  we  will 
confine  tl»  discussion  to  attenuators  which  lend  thasMSlves  to  trsMBlssion 
line  analysis,  that  Is  having  two  good  conductors,  such  as  copper  wire, 
separated  and  surrounded  by  aaterlal  s*  clflad  In  tanas  of  a  (penslttlvlty), 
u  (pernMablllty)  and  o  (conduetlvlty).  These  three  parasaatars  will  be 
confined  to  real  sadbers  so  that  the  problaa  can  be  fonsilatad  In  the  slaplest 
possible  teras.  Another  slapllfioatlon  wa  can  aake  requires  soaa  caution; 
it  aoounts  to  assualng  perfect  conduetlvlty  In  the  conduetors.  Nora  will 
be  said  of  this  later,  but  for  now  we  aake  this  assunvtlon  so  that  we  can 
use  the  plana  wave  solution  for  alactroaagnatlc  waves  propagating  In  the 
attenuating  aaterlal.  Thus  the  conductors  serve  only  as  guides  for  the  wave, 
and  do  not  enter  into  the  solution  provided  they  are  raascnably  straight. 
Without  going  into  the  details  of  this  solution  (aee  for  Instance  J.  A. 
Stratton,  Electrflaagnetlc  Theory)  we  note  that,  for  a  aadlua  In  which  the 
conduction  current  greatly  exceeds  the  dlsplaoaaant  current,  the  propagation 
function  reduces  to: 

ya*  »  •(1*3)  Equation  (l) 
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where  u  is  the  angular  frequency.  In  the  coBBOnly  used  engineering 
terainology,  the  real  part,  a,  measures  the  attenuation  of  tlie  wave. 

Since  this  is  a  function  of  frequency,  we  can  use  it  to  bias  the 
explosive  device  against  rf  powr**. 

To  make  this  bias  large,  we  bbviously  need  hl^  peraeability  and 
high  conductivity,  for  the  attenuation  varies  as  the  sqjuare  root  of  both 
these  quantities.  But  with  a  conducting  aaterlal  we  will  reduce  even 
the  dc  power  reaching  the  reslstanes  wire.  This  forces  us  to  an 
ia^ortant  conclusion:  to  bias  an  electroexploelTe  device  against  rf  power 
with  this  type  of  attenuator,  we  oust  sacrifice  som  of  the  available  do 
firing  power .  This  is  a  bitter  pill  to  swallow  but  it  offers  a  cture  for 
some  of  our  rf  ailaents. 


THg  Birm  Fni. 

The  first  qiaestlon  is:  bow  auch  of  our  do  power  aust  we  saerifieet 
The  answer  is  of  course  another  fueatlon:  bow  auch  rf  attenuation  do  we 
wantt  To  know  thij  we  need  to  be  dbla  to  assets  the  extent  of  the  rf 
hasard,  a  big  prdblea  in  itself,  so  let's  set  that  vestion  aside  and 
consider  scae  nuaerical  exaaples. 

Suppose  we  have  a  length  of  two  eentiaeters  in  irtiich  to  install  an 
attenuator,  and.  further  that  we  have  available  a  ferrite  aaterlal  recently 
developed  for  the  llaval  Weapons  Laboratory  by  the  XTyttinal  Oorporation.^ 
This  aaterlal  has  a  relative  peraeability  of  around  2000  and  a  oonduotivity 
variable  in  the  range  froa  0.0$  to  0.$  abo  per  centiastcr.  Using 

^Krysiinel  Corporation,  Port  Chester,  I.  X.  with  Nrtavee  Incosyrated, 
nushing,  R.  T.;  U.  S.  laval  Weapons  Laboratory,  Contract  Rl78<i6l06 
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eqv>&tion  (I)  v«  find  thut  this  stuff  can  have  an  attenuation  as  hi^  as  5^ 
decibels  per  centimeter  at  1  megacycle  per  saeond,  or  db  at  10 
kilocyclesi  or  0  db  at  de.  Does  this  mean  that  ve  ham  no  attenuation  at 
dc?  No,  action  (1)  gims  this  ridiculous  result  because  we  ham  assumed 
perfect  conductors.  The  easiest  way  to  find  dc  attenuation  is  to  use 
ordinary  circuit  analjrsls;  m  just  ham  to  be  careful  about  the  range 
of  validity  of  the  result.  Also  we  ham  to  specify  the  resistance  wirei 
let's  say  it  is  one  ohm,  since  that  is  a  fairly  reprssentatim  value. 

So,  we  ham  two  resistors  in  parallel,  the  one  ohm  resistance  wire 
and  the  ferrite  attenuator  with  a  raslstanee  that  we  can  eeetrol  to  some 
extent.  Rm  de  attenuation  is 

p 

Z  >  10  log  S  I  a  Iguatlon  (2) 

where  ff  is  the  power  in  the  rseistanee  wire,  is  the  power  la  the 
attenuator,  and  S  is  the  saorifiee  in  S'  .  els.  Rds  fenmila  actualljr 
defines  tbs  attenuation  at  any  frsgueney  hut  is  difficult  to  ogply  when 
the  electrical  Itagth  of  the  attenuator  heeomes  a  slfnifieent  part  of  om 
wavelength  of  the  applied  frefueney)  for  the  ease  at  hand,  1000  cycles 
per  second  is  a  borderline  eituation.  Also,  new  that  we  ham  specified 
a  d^riaite  reeistance  wire,  eguation  (l)  has  linitatlonn,  which  wiJl  he 
deferred  so  that  we  een  present  fWhle  1. 

WhU  1 

Attenuation  at  dc  and  at  1  Nb  for  a  Two  Oentiaeier  Phirita  Attenuatcr 


0 

0(1  N 

1/2  dh 

.06  wbo/zm 

3B  db 

1  dh 

.12  wbo/m 

^  dh 

2  dh 

.3  ^/on 

l3  dh 

3  dh 

.5  Hho/on 

106  db 
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Note  tbet  by  eecr  if  icing  a  mere  3  db  (one-half  the  firing  pomr)  ve 
can  get  over  100  db  attenuation  at  one  megacycle.  Perhaps  we  ahould 
■t^  for  a  minute  to  consider  what  100  db  means.  It  means  that,  to  get 
one  microwatt  in  the  resistance  wire,  we  must  apply  10  kilowatts  to  the 
attenuator.  The  first  explosion  va  hear  will  be  the  attenuator,  not  the 
black  powder.  This  is  an  unrealistic  nample,  but  ii.  owgphasises  that  100 
db  Is  more  than  e^ple  rf  protection  for  all  ordinary  electroei^loalve 
devices.  Table  I  also  shows  the  conductivity  that  la  ra^rdrad  in  the 
ferrlta  to  glva  the  Indicated  attenuatlen.  Up  to  the  present  time, 

.5  mho/cn  Is  as  hl|^  as  va  have  been  able  to  go  in  a  high  pagseablllty 
ferrite,  but  work  is  ecntinaiag  since  higher  cooduetlvity  is  desirable 
in  cases  where  vs  must  have  the  sborteet  feasible  attenuator.  Bov  short 
ve  can  make  it  is  the  subject  of  the  next  section. 


mtjs.  sam 

It  goes  without  ssylog  that,  for  a  given  attenuating  material,  greater 
length  naans  correspondingly  greater  attenuation.  Bowever,  suppose  we 
have  decided  that  ws  can  afford  to  sacrifice  1  db  of  the  firing  power, 
for  this  given  MMrlfice,  dees  it  make  any  dlffsrsnoe  how  long  the 
attenuator  1st  That's  right,  it  certainly  dens.  VS  note  that  in  egMation  (l) 
the  parassters  u  and  e  anst  he  expressed  war  unit  Shsrees,  for 

eosgoting  dc  attenuation,  it  is  the  total  eonduetivi^  that  oounts.  So 
the  longer  unit  of  length  ve  use,  the  greater  psmsahlllty  per  unit  length 
oan  he  had  with  a  given  material,  and  the  greater  the  rf  attenuation. 

Blnoe  rf  attenuation  varies  as  the  senare  root  of  thsso 


can  doOhls  the  attsnmstioa  by  Infirssslng  the  length  four  tiMm.  la  other 


words,  once  we  have  decided  how  Duch  dc  we  can  sacrifice,  we  make  the 
attenuator  as  long  as  possible.  The  only  restrictions,  besides  the  space 
available,  are  the  range  of  conductivity  of  the  attenuating  material  and 
the  nattffe  of  the  firing  signal.  This  last  restriction  is  difficult 
to  handle  analytically  since  it  is  detenslned  by  the  frequency  response 
of  the  attenuator-resistance  wire  network  near  the  edf»  of  the  pass  bend 
where  response  la  a  coiqplieated  function  of  ftrequensgr*  It  appears  that 
the  best  procedure  is  to  define  the  pass  band  arbitrarily  as  the  band 
from  dc  to  that  frequency  at  which  the  attenuation  computed  ttm  equation  (1) 
equals  the  dc  attenuation. 

For  example,  suppose  the  firing  signal  is  a  rectangular  pulse  one 
millisecond  in  duration,  then  the  pass  band  should  extend  to  at  least 
one  kilocycle.  The  attenuation  of  frequency  components  above  1  ke 
will  round  off  the  comers  of  the  pulse  and  introduce  some  time  delay 
in  the  explosive  response.  The  extent  and  acceptability  of  this  time 
delay  are  best  determined  ej^erimentally  since,  as  we  said  before,  the 
analytical  problems  are  all  but  insunMuatdble.  A  good  rule  of  thumb 
is  to  take  the  reciprocal  of  the  desired  response  time  as  the  upper 
frequency  limit  of  the  pass  band. 

Table  2  shows  how  attenuation  varies  with  length  for  the  ferrite  having 
relative  perawability  of  2000.  We  have  taken  the  dc  attenuation  as  fixed 
at  1.8  db  and  varied  the  length  of  the  attenuator. 
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Table  2 


Effect  of  Attenuator  Length  for  a  Given  dc  Attenuation 


Length  a  a  (l  Me) 


1  cm  0.5  mho/em  db 

2  cm  0.25  mho/cm  76. U  db 

3  cm  0.166  mho/cm  93*?  db 

4  on  0.125  mho/cm  I08  db 


The  rf  attenuation  a  is  again  ccmputed  at  one  megacycle  and  the  conductivity 
is  determined  by  the  given  dc  attenuation  (1.8  db). 

Nov  let's  look  at  the  question  of  length  in  a  slightly  different 
way.  Suppose  that  we  have  decided  that  we  want  the  rf  attenuation 
to  be  108  db  at  one  megacycle.  Table  3  shows  some  of  the  many 
cooblnatlons  that  will  yield  this  figure  for  a  material  with  relative 
permeability  of  2000. 


Thble  3 

Sooe  Parameter  Combinations  that  Nlll  Yield  108  db  at  1  Me 


Length  o  X  (dc) 

4  cm  0.125  mho/cm  1.8  db 

2  cm  0.5  mho/cm  3  db 

1  cm  2.0  mho/cm  4.8  db 

0.005  cm  100,000  mho/em  26.5  db 


The  first  two  entries  In  Ttble  3  voro  presented  before  in  Tables  1  and  2 . 
The  third  entry  describes  a  material  that  we  have  not  as  yet  been  able 
to  fabricate,  as  we  said  before,  0.5  mho/cm  la  »»  high  as  we've  been  a'Ae 
to  go  with  the  high  permeability  ferrites.  The  fourth  and  final  entr^ 
represents  pure  iron.  Wb  see  that  it  is  very  thin,  and  that  it  sacr .flees 
a  very  large  proportion  of  the  firing  power.  The  iron  also  puts  us  on 
shaky  ground  In  regard  to  the  approximation  we  made  that  our  condn'tors 
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were  essentially  perfect  conductors.  The  conductivity  of  iron  is 
uncoinfortably  close  to  that  of  copper,  so  it  is  no  longer  valid  to  say 
that  the  wave  is  guided  hy  the  copper  vires.  However,  this  is  of  no 
consequence,  since  it  is  doubtful  that  we  will  be  reijuired  to  confine  the 
attenuator  to  such  small  dimensions  as  50  microns.  Unless  we  can  find 
a  way  to  control  the  conductivity  of  iron,  we  h«ve  no  choice  but  to  use 
ferrites . 


THE  qUSSnOH  OF  PlKHiS  TIME 

Any  chemical  reaction,  Including  an  explosion,  requires  a  finite  time 
for  its  consuasatlon,  so  there  is  a  time  delay  inherent  in  any  explosive 
device.  But  we  are  concenod  here  with  electrical  delay  which  will 
certainly  be  significant  if  we  insist  on  high  levels  of  attenuation  at 
the  low  radi.o  frequencies.  Tor  Instanca  our  106  db  attenuator  will  have 
3k  db  at  100  kilocycles  and  db  at  1000  cycles.  The  effect  of  all 
this  attenuaticm  on  the  firing  siipal  is  best  Illustrated  by  experimental 
■eaeurements.  Figure  (1)  shows  oeciUogrsats  of  a  1  millisecond  pulse 
^lied  to  a  108  db  attenuator  that  we  cmstructed  in  the  laboratory.  The 
first  trace  shows  the  ii^at  pulse,  the  second  the  output  pulse,  and  the 
third  the  difference  between  the  two.  Bote  that  the  output  pulse  is 
rounded  off  at  its  leading  edge  and,  r,'0Bi  the  difference  trace,  that 
there  is  a  delay  of  about  $0  microsecoDds. 

Firing  time  is  intimately  connected  with  tbs  prdblem  that  we  skipped 
over  in  the  prerlous  section.  Vhsn  we  specify  the  resistanca  wire,  we 
also  specify  the  rsapoose  of  the  devica  to  the  hig^i  fregAsncy  coavonents 
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of  the  firing  signal.  If  there  Is  a  serious  Impedance  mismatch  between 
the  resistance  wire  and  the  attenuator^  most  of  the  higher  fretjueney 
power  will  be  reflected  and  lost,  resulting  in  a  greater  time  delay. 

When  ve  speak  of  the  impedance  of  the  attenuator  we  mean  of  course 

Its  characteristic  impedance,  which  Is  a  function  of  frequency,  permeability, 

and  conductivity.  More  precisely: 

^  “V  ^  Equation  (3) 

In  same  cases  it  may  be  necessary  to  strike  a  co^pronise  between 
matching  the  resistance  wire  to  the  attenuator  and  matching  the  attenuator 
to  the  source  of  firing  power.  For  instance,  if  the  source  is  a 
discharging  capacitor,  a  condition  of  aeries  reaonance  could  be  produced 
at  any  given  frequency. 


ODDS  AB) 

The  discussion  of  matching  the  impedance  of  tbs  attenuator  to  the 
so<jrce  of  firing  power  leads  to  an  interaatlng  fueation,  that  la,  can 
we  be  asking  the  situation  worse  tor  ourselves  by  uaknowlngly  matching 
to  the  source  of  unwanted  rf  powerT  I  say  yes  and  I'll  tell  you  why. 

If  we  assuDs  that  it  makes  no  difference  what  impedance  the  attenuator 
presents  to  the  rf  source,  then  we  must  concluos  that  all  rf  source 
impedance  are  equally  prbbable.  This  ecoclualen  may  be  ssnalble  for  a 
universe  of  randomly  oriented  substanosa  with  random  alsetromagnetic 
properties,  but  ws  are  conosmad  with  a  fairly  definite  arrangamint  of 
specific  matter;  steel  ships  with  antennae  in  air,  rf  gsnsratogrs  with 
known  output  impedances,  all  floating  (bopefuliy)  in  a  aaa  of  salt  water. 
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Scale:  1  centimeter  =  0.2  millisecond 
FIGURE  1 

Input  Pulse,  Output  Pulse,  and  Difference 
between  Input  and  Output  for  an  Attenuator 
with  108  db  at  1  Megacycle 
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In  other  words,  ve  have  taken  a  biased  sampling  of  the  universe,  and 
a  series  of  impedance  measurements  ror  this  sample  should  likewise  be 
biased.  All  we  need  now  is  an  enterprising  genius  to  figure  out  which 
Impedances  are  least  probable  so  that  we  can  design  our  attenuators 
to  reflect  as  well  as  absorb  the  dangerous  rf  energy.  Reflection  is 
much  to  be  preferred  over  absorption,  since  there  is  then  no  problem 
with  heat  dissipation.  But  so  far  we  have  had  to  insist  on  absorption 
in  the  absence  of  any  knowledge  about  rf  source  impedances.  The  attenuators 
described  in  this  paper  are  of  course  absorbers  and  are  in  the  final 
analysis  limited  in  their  protective  ability  by  the  amount  of  thermal 
energy  that  they  are  able  to  divert  from  the  resistance  wire.  This 
means  that  a  heat  sink*is  required  and  that  the  thermal  conductivity 
of  the  attenuator  is  an  important  factor.  However,  our  primary  concern 
here  Is  the  electrical  conductivity  and  its  relation  to  the  dielectric 
coefficient. 

In  the  beginning  ve  Justified  equation  (1)  by  saying  that  the  conduction 
current  in  the  attenuator  greatly  exceeds  the  displacement  (capacitive) 
current.  This  is  not  true  of  all  ferrites,  but  is  reasonably  accurate 
for  the  highly  conductive  types  ve  have  used  in  our  exssiples,  notwithstanding 
the  remarkably  high  dielectric  coefficients  normally  encountered  in  these 
materials.  However,  as  the  frequency  is  increased  indefinitely,  the 
situation  reverses  and  displacement  current  exceeds  conduction  current. 

In  this  situation  the  attenuation  becomes  independent  of  frequency  and,  in 
the  cases  cited  here,  is  extremely  high. 
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There  are  other,  perhaps  more  laqportant,  difficulties  vlth  ferrites. 

They  are  bard  and  brittle,  and  lose  their  high  peroeabillty  above  certain 
temperatures  and  frequencies.  Making  good  electrical  contact  to  them 
has  been  another  problem,  but  the  electrcj^Atlng  process  ^n^svs  to  be 
a  good  solution.  Ferrites  plated  with  copper  will  take  solder  nicely 
so  that  conductors  can  be  installed  in  and  around  them.  Xt  is,  by  the  vay. 
Imperative  that  intimate  contact  be  made  between  tbe  cMductora  and  the 
attenuator,  if  there  is  not  an  intimate  contact,  much  of  the  rf  attenuation 
will  be  lost .  What  hiqipens  if  an  insulating  layer  is  Interpoaed  between 
the  conductors  and  the  attenuator  is  discussed  by  others  here  at  the  Congress. 

There  may  be  some  question  about  tbe  intwchangeebility  of  the 
conductivity  parameter  and  the  conductance  actually  measured  between 
the  wires  or  conductors  of  the  device.  This  is  determined  by  the  geometry. 

In  a  parallel  wire  system  for  instance,  they  are  interchangeable  if 
the  distance  between  tbe  wires  is  about  tan  times  their  diameter.  As  a 
general  rule,  however,  w«  want  to  keep  the  contact  surface  area  between 
conductors  and  attenuator  at  a  minimum  so  as  to  minimise  dc  attenuation. 

Finally,  it  has  been  assuNd  throughout  that  tbe  only  path  for  rf 
to  tbe  resistance  wire  is  through  tbe  attenuator.  This  is  not  tbe  case 
for  "open"  systems  such  as  parallel  wires,  and  provisions  must  be  mads 
to  ahield  tbe  output  from  the  input.  The  shield  must  necessarily  be 
metal,  and  can  serve  also  as  a  heat  sink  or  radiator  for  the  attenuator. 
Coaxial  systems  are  of  course  self  shielding. 
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COWCHJSION 


To  conclude  ve  will  enumerate  the  design  guides  that  we  have  discussed 
for  the  hot  wire  type  electroesq^losive  devices. 

1.  For  the  attentiator  select  a  material  with  high  permeability  and 
conductivity  controllable  in  the  range  from  sbout  10  mho/cm  to  10  miUimho/cm. 
Ferrites  are  in  this  category. 

2.  Sacrifice  as  much  of  the  firing  power  as  the  system  will  allow. 

3.  Mske  the  attenuator  as  long  as  possible. 

4.  Chech  to  see  if  firing  time  is  short  enou^.  If  it  is  not, 
conproolses  must  be  made  with  length,  or  firing  power,  or  rf  attenuation. 

3.  Make  certain  that  all  conductors  are  in  electrically  Intimate 
contact  with  the  attenuator  and,  for  electrically  "open"  srrangamnts 
such  as  parallel  wires.  Isolate  the  Iqput  side  of  the  device  from  the 
resistance  wire  side  with  a  metal  shield  which  can  also  serve  as  a  beat  sink. 
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17.  DISCUSSION 


A  person  asked  for  a  qiialitatlve  curve  of  attenuation  vs. 
frequency  for  this  material.  Mr.  Schlacter  replied  that  The  Franklin 
Institute  has  such  a  curve.  He  explained  that  attenuation  increases  viith 
frequency  until  a  couple  of  hundred  megacycles  is  reached  and  then  flattens. 

A  questioner  expressed  surprise  at  the  magnitude  of  attenuation 
available.  Mr.  Schlacter  explained  that  contact  problems  had  earlier  plagued 
the  measurements.  Electroplating  seems  to  work  better  than  silver-loaded 
qpoxies  for  obtaining  good  contact. 

A  questioner  asked  concerning  what  was  available  for  comaerclal 
flms  to  use.  The  answer  was  that  a  small  firm  named  Meadow-Vac  developed 
them  for  NWL. 

A  question  arose  concerning  the  frequency  at  which  permeability 
drops  off.  It  was  explained  that  this  was  not  measured  directly.  Atten¬ 
uation  was  measured,  but  loss  of  permeability  is  the  suspected  reason  for 
flattening  of  the  attenuation  curve. 

A  conment  was  made  that  is  permeability  drops  ott,  the  loss  tangent 
increases.  Therefore  at  higher  frequencies  there  is  little  need  to  worry 
about  permeability  decreasing.  The  increased  loss  tangent  compensates  for 
this.  Mr.  Schlaohter  expressed  agreement. 

A  questioner  from  Douglas  Aircraft  asked  if  there  is  a  problem 
with  continued  application  of  high  frequency  voltage  and  also  if  there  was 
a  voltage  breakdown  phenomensnto  be  considered. 

Mr.  Schlacter  confirmed  that  with  all  the  attenuation  there  is 
going  to  be  heat  generated  that  must  be  dissipated.  The  material  would 
otherwise  crack  or  be  adversely  affected  by  acomsulated  heat.  He  said 
that  voltage  breakdown  is  hard  to  viaualise  in  thia  situation  because  the 
material  is  shunted  by  a  bridgewire  with  s  resistance  of  around  1  ohm. 

The  same  questioner  asked  about  the  impedance  of  the  device.  Nr.  Schlacter 
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said  that  characteristic  inipfrdiinoe  will  be  low  at  low  frequencies  and  as 
frequency  increases  the  naterial  begins  to  look  like  a  metal. 

Mr.  Steinmark  of  Picatiway  Arsenal  asked  if  powdered  iron  or 
ferrites  offered  an  advantage  from  a  technical  point  of  view  and  in 
manufacturing.  In  addition  he  as  d  if  ail  research  and  development  is 
pointed  to  metallurgical  techniques.  In  ans-'er,  it  was  stated  that  iron 
experiences  great  attenuation  in  the  microwave  bands  and  not  much  in  the 
communication  band  vdiere  current  Navy  Interest  exists.  Ferritee  offer  a 
reasonable  chmce  of  success  in  the  1  to  30  Me  region.  Ferrite  develop¬ 
ments  are  in  early  stages  and  no  squibs  or  detonators  have  been  built 
containing  them.  Powdered  iron,  or  the  other  hand,  has  been  Incorporated 
into  the  Army's  T2/t£l.  This  material  is  available  right  now. 

In  the  matter  of  non^etale.  we  are  faced  with  the  problem  cf 
obtaining  hi(^  permeabillt]}  viiich  limits  the  choice.  Iron,  properly 
controlled,  would  be  easier  to  fabricate  and  much  better  than  ferrites 
many  respects. 

Mr.  Stelnnark  asked  about  polymers  as  attenuators.  Mr.  Schlacter 
answered  that  an  attenuating  oi^la  stu^y  le  being  conducted  and  that  consid¬ 
erable  attenuation  can  be  had  with  a  cable  of  these  materials,  but  consid¬ 
erable  length  and  volune  are  required. 

Mr.  Sowlakis  questioned  the  use  of  solder  to  bond  these  materials 
to  a  conductor.  Mr.  Schlacter  answered  that  the  ferrites  were  first  slectro- 
plated  with  copper  and  then  soldering  is  relatively  easy.  Mr.  Sowlaids  asked 
if  the  soldering  technique  did  not  dielodge  the  bridgewire.  Mr.  Schlacter 
said  that  operations  are  sequenced  so  that  the  ferrites  are  soldered  first, 
followed  by  bridgewire  operatlom .  He  added  that  nr  E£D  has  been  built 
ueing  thie  technique  to  the  best  of  his  kncwledgs. 

A  person  from  NOL  Mhite  Oak  cosaented  that  sosm  real  qrstens 
problems  that  required  retrofit  fixes  were  studied  about  two  years  ago.  He 
asked  if  we  have  fixes  available  now.  Mr.  Schlacter  answered  no. 
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16.  UM  PASS  CXAMIAL  R3UY 


RaTKiond  vr,  H«idorn  and  George  V.  Zlmneman 
3UJIN  NAnOIIAL  WATCH  COMPANY 
Research  and  Development  Division 
1200  Hicks  Road 
Rolling  Meadoifs,  Illinois 

IHTRODDCnON 

As  a  result  ot  studies  made  under  the  HERO  Program,  a  eoasdal  relay  ot 
novel  design  has  been  conceived.  Ibis  coaxial  relay  will  provide  virtually 
complete  Radio  Frequency  isolation  up  to  the  Instant  of  operation.  It  will 
also  prevent  premature  functioning  by  Radio  Frequency  energy  above  its  pass 
band  (diaraeteristics.  Th*s  novel  design  is  the  invention  of  Reginald  Grey, 
Wing  Commander  of  the  RAF.  FifW'e  1  shows  his  coaxial  relay. 

Figure  2  shows  the  construction  of  this  coaxial  relay.  Tho  operation 
is  essentially  that  of  a  solenoid.  It  consists  of  an  operating  coll  we«nd 
on  a  brass  bobbin.  Inside  the  bobbin  is  the  oontaet  qrstem  which  ooMprlses  a 
small  iron  poppet  valve,  the  moving  oontaet,  similar  in  shape  to  those  used 
in  combustion  engines.  Ihs  valve  seat  is  a  brass  block  which  is  an  Integral 
part  of  tJin  ID  of  tho  bobbin.  The  moving  oontaet  is  retained  in  contact  with 
ths  seat  by  a  spring  which  also  servos  as  a  conductor  betwoon  ths  moving  ooi^ 
tact  and  thr  coaxial  input  lead.  The  valve  stem  and  spring  are  Insulated  trm 
tho  valve  housing.  The  fixed  ocntaot  ta  a  soft  iron  rod  whl^  Is  poeitionod 
near  the  valve.  It  la  also  insulated  from  the  bobbin. 

Tho  operation  ie  as  folic rs  (See  Figure  3,  Sohenatio)i  The  rolay  la  ef- 
factively  a  single  pole  double  throw  action.  The  relay  is  placed  in  the  line 
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betv'son  the  power  so\i-oa  .iml  the  which  in  this  ease  is  the  electro- 

explosive  device  (SKD)  and  would  be  located  as  near  to  the  EED  as  practical 
for  rwuliiTOja  efi'ecliveness.  ^!hcn  tha  contacts  are  in  the  nomally  closed 
position,  the  is  isolated  r.eolianiealTy  by  the  plunjter  or  novlTij  contact 
being  held  against  tlie  concave  seat  or  barrier.  This  then  has  the  positive 
effect  of  shorting  the  terminals  of  the  ’=n). 

If  tho  line  to  the  relay  acquires  spurious  high  freq^MRCy  energies  above 
the  pass  band,  this  ener.^  will  be  dissi^wited  by  the  reaetanoe  of  the  relay 
at  loiv  froauencies  and  by  the  sidn  effect  of  the  breas  bobbin  at  the  higher 
frequenoiaa.  The  ett«wuatton  of  the  hieher  therefore  inereeaea 

by  the  square  root  of  the  frequency  w  H  ■  kVT. 

When  e  pulse  of  direot  current  is  petse(.l  ‘ttrough  the  edl  with  aufflelent 
magnitude  end  duration  to  eeuae  the  plunger  to  neve  toward  the  fixed  eonUett 
the  short  across  the  ShTi  is  renoved  and  diraet  eontaet  trm  the  EID  to  tho 
power  souree  is  then  node. 

The  mein  effort  of  ^Tlgin  was  to  carry  tho  davalopMimt  of  the  erli^inaX 
relay  aa  left  by  'Unr.  Gormander  Gray  to  a  point  where  it  It  a  praetloal  pro- 
dttotion  devlea. 

This  would  neoessarlly  Inel'jde  a  study  of  the  thsory  and  lin&tatiena  of 
the  eocistini*  de’/ice.  Other  ocnaidsrt'lons  and  areas  of  investlgatien  were  as 
followat 

1.  "aterial  oharaotaristios  to  attanusto  radio  frequanoias. 

2.  Optinlsa  aist  rolationsitipo. 

Coil  winding  nathoda, 

h,  Flating  and  deposited  coottnui, 

5,  Contset  natvriala* 

6,  Spring  naterlals. 
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Tb9  spooifisatlons  in  eenaral  ware  as  roll.9t<Rit 

1.  Qaai-tta  Tina; 

Tha  operate  time  should  be  one  (1)  nlllitaoond  so  u  to  be  eon^tlble 
with  nost  ourrmt  weapons* 

2*  SanaitivltTi 

Ibis  raqulreiaent  was  neeassary  so  that  the  firinc  olreults  would  not 
*800*  the  additional  eoaponent  and  would  net  ^oot  Um  firlae  of  the 
weapon. 

3.  Slat 

The  relay  had  to  be  at  snail  as  praotleal  tinea  there  are  inttallatiens 
where  space  is  at  a  prsniuBw 

k»  lUaalldB' 

Ihe  relay  has  to  attenuate  tad  dissipate  at  Isatt  10  watts  of  ensriy 
in  tte  radie  ecsMnieations  and  radar  fTequenagr  raafe, 

5. 

The  relay  has  to  be  able  to  deUeer  to  the  3X>  100  watts  far  one  (1) 
nUUeeeond.  (Ountaot  current  rente  will  be  trm  1*5  to  30.0  imptn*  D.C.) 

6.  miioii 

Remal  aireraft  powar  hporatloa  of  2S  7  DC. 

Tha  tanwal  sad  applicable  requlreaaate  of  KIUt>52?2. 

8. 

The  relay  la  awooted  to  aahe  e  relUble  daetrloel  eonteot  fe**  one 
eporation  at  its  waxiisBa  eeataet  ratint. 
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? •  Construction : 


The  rf;l»y  will  he  herraotleally  sealed  with  a  four  (4)  pin  input  eon- 
neotor  and  a  two  (2)  pin  output  connector.  The  four  pin  connector  is  to 
be  used  rather  than  a  three  (3)  pin  so  that  there  will  be  flexibility  in 
wirln,'  the  fix  into  the  circuit. 


DSSIH!  APPRCAOi 

From  our  past  o^ui-lenoe,  w?  have  found  that  relaj’O  uslne  a  permanent 
na>;net  for  biasln;:  have  »  mch  faster  operate  time  than  those  usins  *  aix'ing 
for  biasinti,  There  are  two  nain  reasons  for  this  faster  operate  tina.  One 
reason  is  the  principle  that  liVe  poles  repel.  The  second  is  that  ths  rsstrain- 
inz  force  is  removed  is  you  move  away  from  ths  psmansnt  M^nst,  Bseause  of 
these  principles,  our  first  design  concept  was  a  pensenant  MKnst  biased 
coa'.cXal  relay.  Figure  4  snows  this  basic  dstlgn.  ^flth  ths  rsXay  In  ths  un> 
energlaed  position,  the  nagnet  Is  held  against  ths  ssst  by  ths  psmansnt  nseMt, 
'/fhsn  the  coll  Is  snerglasd.  Its  swgastlo  flsld  oppesss  ths  flsld  of  ths  psms 
nsnt  nsgnet  di'iving  the  plungsr  forward  at  It  tdvown  In  Ficurs  S.  Thsre  It 
an  additional  eleetroieacnttle  attraction  at  ths  contact  faes.  Figure  6  shows 
the  coa<l«l  relay  In  the  enerelesd  ;x)tltlon.  It  opsrstsd  sstlsfaotorlly  txoapt 
that  the  plunger  would  stlch  In  the  energlasd  posltien  srsn  whan  ths  oolX  was 
ds-energlasd,  Sxaislalne  the  nasnstle  elrcnlt,  ws  found  that  we  had  s  low  rs- 
luctanee  ni^tlc  path  around  the  coll  throash  ths  tip  and  book  to  tho  other 
side  of  the  Mgnet  sa  abown  In  Fleurs  7.  With  this  path  thsrs  was  too  llttls 
permanent  nagnet  attr’iotlve  fUres  at  the  seat  to  rsinm  ths  plumcar  to  Its 
original  position,  Tb  ellnlnate  this  It  was  dseldsd  to  uso  two  Indspsndent 
Hagnstle  circuits  as  shewn  In  Flgurs  8.  This  would  hsvs  lass  rspsUing  foroe 
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than  the  first  design  when  the  unit  is  energized,  but  the  effect  of  the  vinim- 
peded  movement  of  the  plunger  will  still  enhance  the  operate  time.  Figure  9 
shows  the  sepi\rate  magnetic  circuits  in  the  energised  position. 

Concurrent!/,  we  carried  a  parallel  developiasnt  of  a  spring  biased  relay 
which  was  more  similar  in  design  to  the  original  Invention,  these  were  both 
to  be  brought  up  through  the  final  tasting  to  that  In  the  event  that  the  un¬ 
usual  high  frequency  test  requirements  caused  a  failura,  M  would  have  a  ba^- 
up.  If  both  relays  fsred  squsUy  in  a  teohnieal  ssnse,  othar  oonslderatlons 
such  as  relatlva  cost,  matsrial  availability,  and  ease  of  production  will  be 
evaluated. 

.^ith  these  design  tn^oiples  in  slnd,  it  was  neosssary  to  detomiina  bow 
big  tlie  relay  should  bet  type  of  magnetic  materials  to  usa:  type  of  insulation 
needed;  and  oontaet  material  necessary. 

BrnganAM 


To  detsmine  ths  sizs  of  ths  coaxial  rslay,  we  had  to  consider  two  (2) 
important  facts :  1  -  Ihs  relay  moat  be  anell  enough  to  be  uaed  in  aoswwhat 
limitied  space)  2  .  It  also  mat  he  large  enough  to  that  It  oan  dlaalpata  tan 
(10)  watts  of  HF  power.  Beesust  of  avsilable  eonneetors,  it  was  decided  to 
make  the  relay  one-half  (|)  inch  in  dienster.  This,  we  felt,  would  hcndle  the 
ten  (10)  watts  of  R7  Power.  The  proportions  of  the  ecU,  that  is,  the  ratio 
of  coil  lertrth  to  mean  ooil  dianater  will  affect  to  aene  extent  the  efflolenoy 
of  th''  electromagnet.  For  a  abort  oleotromagnet  su^  aa  tha  coaxial  ralay,  the 
optimum  proportion  is  obtained  with  a  length  of  about  ona  and  ona-half  (!}) 
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tines  the  nv-.n  dierftcr.  Thus,  It  •.■rzs  decided  that  the  coll  length  should  he 
one-half  (J)  inch, 

liar-netle  iaterlali 

In  the  past,  we  have  conducted  extjsnsdve  studies  into  different  tj’pes  of 
na.-n'  tic  n.terials,  ,?a  have  fewd  that  Alle-henj'  Relaj'  Five  Iron  which  is  a 
silicon  steel  is  one  of  the  best  nateriais  to  be  used  i"  thts  type  of  appllca- 
tlon.  Relay  Five  Iren  has  ver;.'  low  residual  najnetlsii'.  and.  a  very  hleh  satura¬ 
tion  point,  A  nlcVel  iron  material  such  as  h750  has  a  1»?  saturation  point 
and  'Tocld  tend  to  pivt  a  nlo^ter  operat.'  tlno.  Tests  were  conducted  or.  the 
relay  tc  corni-ar*'  ’-TfO  iron  and  Relay  Five  Iron,  The  results  of  these  tests 
indicated  that  of  the  trw.  Relay  Five  Iren  is  the  appropriate  magnetic  ma¬ 
terial  to  OJ.e, 

£aai?£lJi!J£ii3lL 

Ttic  contact;!  on  the  Coarfal  Relay  ?i>vst.  he  caj-ahi-  of  earrylnf  high  cur¬ 
rent  and  also  must  maintain  low  resistance.  Sene  contact  iwterlala  develop 
hiyh  reslst-nce  hecatisr  of  the  forrr.tlen  of  inor.yanie  films  such  a-  oocidor, 
rulfidea  and,  eart'orttes,  t’oMc  netals  in  the  platinum  urnuj;  develop  hii^t 
reclstanee  from  o^panl"  filr  ii.  Silver  is  rubjeet  to  Inormanlc  films  but  not 
to  orpanln  films,  Told  Is  not  sub'cet  to  or'anif  or  inorganic  films  but.  has 
porr  •r.ri'  cl.Tirattcrls'ics,  A.  contact  e'  silver  -Ath  a  gold  protective  coating 
will  ~X\tr  th»  relay  high  rinuTnt  c.apf.cll.y  ar.d  -l.ce  maintain  lor'  reslctancr, 

loaslAlifzu 

Dlel«ct.rir  racuiraticnts  for  tpa  relay  ara  such  that  it  -.All  r-dthstant! 
loot  volts  het'acen  the  cell  nr/  the  bohHn  and  50n  volts  hstarprn  the  eentaets 
(rjlunj"p  and  .a’tp)  and  bobbin,  F-crr  our  enporienec,  •r  havo  found  that  » 
contin-  o'  TnClor  or  the  'R'll  o.“  th''  bo’ bin  will  withstanr’  a  1000  volt  breah- 
dewn  tnet.  An  "'-fieri  is  alec  a  mood  bearing  surface  beeeuse  of  its  low  eoef- 


18-6 


ficiftnt  of  friction,  we  f.33.t  tV*at  It  would  be  an  excellent  material  to  use  on 
the  plunder  to  insulate  it  from  the  bobbin,  Peeauso  the  plunger  had  to  have 
some  areas  which  had  to  be  insulated  and  sone  dated  for  good  contact  a  better 
method  of  insulating  had  to  be  found.  The  snail  size  of  the  bobbin  made  it 
im[iractleal  to  try  to  insulate  its  ID  with  Teflon.  It  Was  felt  that  an  altnlnum 
bobbin  instead  of  the  brass  bobbin  would  not  change  the  attenuating  charactw- 
Istlcs  of  the  relay.  Alui.iinum  bobbins  can  be  Insulated  by  anodizing. 

It  was  found  that  standard  anodizing  procedures  would  not  produce  an 
Insulation  that  would  meet  our  dielectric  requirements.  A  special  hard  coat 
anodized  as  done  liy  Sanford  Aluminum  Processing  Company  of  Chicago  gave  us  the 
dieleotrle  requirements  necessary  on  the  ID  of  the  bdbbin  but  this  was  only 
after  we  Ranged  materials.  Ws  started  our  investigation  using  a  series  20 
aluminum  which  contains  a  high  content  of  copper.  This  copper  causes  voids  in 
anodizing  giving  it  a  poor  insulating  quality.  A  pure  aluminum  sudi  as  1100 
does  not  have  these  voids  and  will  give  exoellent  result!  but  is  very  poor  for 
machining.  60&  aluminum  which  does  not  contain  any  oopper  and  is  net  diffi¬ 
cult  to  machine  can  also  be  used.  This  gave  us  the  $00  volt  breekdown  require¬ 
ment  between  the  plunger  end  the  bobbin  but  not  the  1000  volt  between  the  coll 
and  the  bobbin,  so  it  was  decided  to  meintein  a  Teflon  oeeting  in  the  eoll  area 
of  the  bobbin. 

tit  >ii  Bllttd  gwuAil 

Figure  10  is  nor  original  design  for  the  permnent  magnet  eoaxial  rdey. 

It  has  the  barrier  across  the  output  end  ana  the  open  contact  Inatda  the  coll. 
The  permanent  magnet  material  for  biasing  the  relay  Is  Alnlee  6.  Alrdoo  6 
was  picked  because  its  flail  strength  can  be  adjusted  easily  and  thereby  adjust¬ 
ing  the  holding  force  on  the  ptee^^er.  RsvietdLng  the  demagnetizing  curve  for 
Alnico  6,  It  can  bt'  noted  that  its  field  strength  can  be  reduced  gradualjy  *• 
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relay  with  the  brass  bobbin  cuts  off  at  the  lowest  frequency.  With  an  alusdnum 
bobbin,  It  cuts  off  at  a  sltiJitly  higher  frequency,  but  the  spring  type  with 
a  brass  bobbin  cuts  off  at  a  still  higher  frequency.  In  all  three  oases,  this 
cutoff  point  Is  well  within  the  audio  frequency  range  and  will  hot  decrease  the 
effectiveness  of  the  relay. 

High  TewQ«ature; 

Temperature  dwcks  were  mate  on  the  relays  with  4  KC  impressed  across  the 
coll  and  it  was  found  that  with  10  watts  the  relay  tesgsurature  ms  approaching 
500°  F.  This  led  to  an  investigation  of  high  temperature  magnet  wire. 

Cerauie  insulated  magnet  wires  were  Investigated.  They  have  temperature 
rating  of  650**  to  1000°  T,  Ote  disadvantage  is  that  the  eeraale  has  poor  moisture 
resistance  and  the  colls  would  have  to  be  enoapsulatsd.  Anothw  disadvantage 
is  its  coat.  Sven  in  large  q^titias  the  cost  for  the  magnet  wire  alene  would 
be  $5.00  per  relay. 

Wt  alao  tnvestlgatad  the  use  of  anodised  eluninusi  megnet  wire.  It  has  e 
temperature  rating  of  1000^  F.  Dlaadvantages  of  anodised  alumlmw  wire  ere 
that  It  requires  apodal  soldsrlng  tschnlqQOS,  broaks  oeslly  and  has  high  re» 
slstanoe.  Its  coat  per  relay  would  bo  approodmtoly  $1.00. 

leflon  Insulatod  magnet  wire  haa  a  tamporaturo  rating  of  only  400^  F  and 
its  cost  por  relay  would  bo  apprcsclmately  $.20.  Thla  eeuld  bo  usod  If  tho 
toiqporaturt  of  tho  rolay  it  doereaaed  when  the  oaae  and  oonnoetora  are  added 
but  most  msgnst  wire  menufaeturors  do  not  recemnand  ita  use.  They  recommend 
using  insulated  magnet  wire.  KL  insulation  is  s  polylmld  resin  that  haa 
the  highest  thermal  oapabllites  and  teenictl  ataUUty  of  any  available  «>ganl3 
film  insulation.  Its  teiqpvratnro  rating  is  465°  F  and  its  ooat  par  relay 
would  be  less  than  $.05.  Ohlsaa  the  final  temperature  of  tho  relay  is  higher 
than  antldpated,  KL  insulated  magnet  wire  will  be  used  on  the  relay. 
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As  the  relay's  na^dmura  tereerature  As  approaeMn<;  the  upper  j.irlt  of 
Teflon,  it  ’Mr  necessary  to  investigate  other  t;rees  of  insulatinr:  mterials. 

One  pro’Tilsin';  inrulatinp  material  was  Doryl.  'ihis  is  a  ne'n  ' '■orr’O.'jettinp: 
resin  naite  hy  '.'ostinphouse,  '.(hlle  it  is  oensidered  i  Class  "K"  material,  the 
tests  have  proven  that  it  is  m.eehanically  stable  up  to  575°  ^  ranre.  Other 
advantages  of  Doryl  are  Its  hl^h  bor.dinr  strenr  th  and  lo.-r  cost.  Tests  ure 
beinr;  conducted  to  decide  whether  Doryl  is  equal  or  superior  to  Te’lon# 

Scrlnv; 

For  the  sprinp  ’lascd  coatdal  relay  it  is  rcrorrary  that  the  sprtrq 
material  maintain  its  force  for  extended  intervals  oven  at  hirh  temperatures. 

SltUoy,  a  cobalt  nickel  alloy  manufactured  by  '!lcln  national  'Tatch  Coirntr^ii 
can  satisfy  these  requirements,  Slrlloy  vms  develtp-ed  by  Tlpin  to  solve  the 
problem  of  malnsprin?  brea’-apo  that  plapirod  the  rrateh  Industry,  After  years 
of  t'-stin»^"'.jllcr-  'rais  used  "or  the  nrl(*lnal  "unbreakable  mainspring*.  Tests 
have  proven  that  S!,glloy  retains  its  pCifer  over  275t  loneer  than  earbor.  steel 
and  even  retains  It  at  ter.poratures  up  to  1000°7,  Tt  Is  also  eoi.'mnTnetle 
and  has  excellent  corrosion  reslstanco.  Due  to  t  .ese  o.’tcollJnt  properLlos, 
^Iglloy  -411  ’■  3  ujad  ua  the  opi’ini;  material, 

Hoisustleallv  l3alin..»! 

"he  coa:  lal  relay  Is  c::pcct ’J  to  O'.orats  --a*  is  Tret  or  lly  in  ati'eaphorr:  of 
Halt  Spray,  Hl^h  Kuiddlty  and  Duat,  Therefor',  ';Ui  relaj’  contacts  should  h.o 
protTcti-'  fro".  tills  cnvlroa->nt  by  hernetioail/  se^llri^j,  Tro  i^thoda  are  boini* 
eonsidared  for  sralin'i  the  coa.d'.l  relay*  H'V  »rr  soUerlne  ’nd  a  !ia.it,les3 
seal  metlied. 

Tile  solue  4n.v  or  bra  .inp  nst'uod  o'"  se.ellnf;  the  -elai’  is  puitc  eap-.en. 

It's  dlradvin'.sjc  la  ^ho  '’act  that  rihS';  arc  ci'njted  by  the  hea'in^;  aiv!  rill 
cause  contamination  of  tjje  contaats,  ”148  la*.’  production  ;4olJ  .ind  alao 
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reducss  the  quality  of  the  wlay.  In  addition,  such  processing  methods  involve 
e:<tenslve  flxturing  and  time  ecnsunlng  operations  to  produoe  a  good  seal. 

The  neatless  seal  is  a  crlnplng  method  of  sealing  the  unit  uhleh  has 
been  developed  by  Standard  Steel  Company  for  the  use  on  transistors.  This  seal 
will  meet  and  exceed  Federal  Specifications  MIL-STI>-202B,  Method  107a.  Figure 
14  shows  this  method  of  sealing.  The  important  elwient.  In  the  heatless  ssol 
is  the  unique  configuration  of  the  caps  seal  rings  that  first  bottoms  in  the 
annular  groove  in  the  mounti?^  base  and  then  curled  up  under  applied  mechanical 
pressure  as  displaced  base  metsl  is  pressed  in  over  it.  The  seal  is  enhanced 
by  the  spring-like  seal  ring's  attempt  under  residual  stress  to  return  to  its 
original  form.  This  method  of  sealing  will  require  extensive  testing  before 
we  will  eonelder  using  It  on  the  relay.  While  the  first  coaxial  relay  will  be 
sealed  by  brating,  we  feel  confident  that  this  seal  can  be  develoi^ed  and  will 
be  later  incorporated  into  the  design  of  the  coaxial  relay. 

CCWCIPSlOtl 

Figure  15  shows  the  latest  design  of  the  magnetic  biased  coaxial  rolay. 

You  will  noto  this  design  oarries  two  Indspondent  magnetic  circuits  as  dis¬ 
cussed  previously.  So  ss  not  to  loed  the  plunger  and  Increase  operate  time 
a  spring  was  used  to  conneet  the  plunger  to  the  connector.  It  has  been  so 
designed  as  to  put  minimum  tension  on  the  plunger  and  still  be  capable  of 
oarrying  the  current  neceesery  to  detonate  the  weapon. 

Figure  l6  shows  the  lateat  design  of  the  spring  biased  coaxial  relay. 

The  spring  used  on  this  relay  is  similar  to  the  one  used  on  the  magnetic  relay 
except  that  it  is  under  tension  to  hold  the  plunger  against  the  seat. 
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Relays  of  both  designs  have  been  sent  to  franklin  Institute  tar  testing 
to  insure  that  the  relay  will  attenuate  the  RF  as  so  Intended.  Figure  17 
shows  a  completed  Coaxial  Relay.  In  conclusion  I  would  like  to  say  we  be- 
lleve  we  have  a  coaxial  relay  which  will  provide  you  conplste  HP  Isolation  up 
to  the  Instant  of  operation.  It  will  also  prevent  prenature  functlonlnc  ^ 

RF  energy  above  the  band  pass  characteristics.  It  Is  sinall  slae  and  ^ould  be 
easy  to  insert  In  ary  existing  weapon;  or  any  new  design.  It  Is  a  sensitive 
unit  and  requires  compare  •  lv'?ly  little  current  so  that  If  It  Is  Inserted  Into 
the  firing  line  of  an  exlatlng  weapon.  It  trill  not  affect  Its  operation.  Also 
It  will  not  effect  the  operation  beoauss  of  Its  fast  opsrata  tlM. 


Figure  1.  Original  Coaxial  Relay 
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19.  LOW  BAND  PASS  TRANSFORMER 


Amnon  Gordon 

Wofton  Initruinonts  lud  Slaetronlco 
Division  of  Usyatrom  Incorporatod 
Nownrk,  New  Jorsoy 

SUMMARY 

Radio  froquoncy  oloetromagnotic  radiation  from  communication  and  radar 
tranamittoro  hao  boon  ohown  to  cauao  accidontal  firing  of  oloetrlcaUy  ln« 
itiatod  oicplooivo  davicoa.  An  offdctlvo  solutloa  ta  Rrotoct  staeh  dovleao 
and  ethor  ayitoms  haa  boon  concoivod  and  dovolepod  in  a  form  of  a  amaU 
tranaformor. 

Tbo  tranaformor  utiliaoa  a  non-forrous  motai  shiold  botwoon  primary  and 
secondary  windings  which  eaaaos  a  roductioa  of  tho  powor  transmittod  in 
tho  stop  band  of  froquoaeios.  Tho  operation  of  tho  tranaformor  in  tho 
pass  band  of  froquoaciost  howovor,  is  aot  tmpodod. 

INTRODUCTION 

Systoms  otlUslng  high  powor  r-f  gonoratlng  oqulpmoat  aro  bolag  usod  in 
ovor  Ineroaaiag  numbors.  Tho  powor  gonoratlng  oqu^moato  prosoat  a 
difficult  problsm  to  tho  woapons  dosigaor.  It  haa  boon  ostabliahod  that  ua- 
Intoatioaal  radiation  from  radio  froquoacy  traaamittora  oaa  causa  tho 


19-1 


actu&l  firing  of  electrically  initiated  explosive  devices  or  damage  their 
mechanism.  Protecting  ordnance  devices  from  these  and  other  spurioat 
energies  is  therefore  of  paramount  importance.  The  simplest  and  most 
direct  solution  to  the  r-f  hazard  problem  is  to  shield  the  entire  system. 

In  most  cates,  however,  this  is  highly  impractical  if  not  virtually  impos¬ 
sible.  Another  solution  is  to  apply  restriction  at  the  source  of  the  spuri¬ 
ous  energy.  This  is  undesirable  because  it  might  curtail  the  operation  of 
the  power  source. 

Most  electrically  initiated  explosive  devices  (EED)  and  other  "loads"  are 
contained  in  metal  cases,  and,  except  for  the  r-f  leak  whore  the  loads 
enter,  provide  their  own  shielding.  These  leaks  may  he  stepped  by  the 
use  of  suitable  r-f  rejection  devices  which  can  be  inserted  into  the  line 
just  before  the  EEO  and  which  will  reftect  or  absorb  most  of  the  r-f  energy. 
Existing  devices  of  similar  functions  are  limited  to  specific  conditions 
only.  An  ultimate  device  is  one  that  can  be  used  for  general  appUcatiens 
and,  hence,  becomes  a  standard  item  for  the  weapM  designer.  A  device 
of  this  nature  is  the  Low  Band  Pass  Transformer,  which  has  been  con¬ 
ceived,  developed  and  successfully  tested  for  the  specific  purpose  of  pro¬ 
tecting  electrically  initiated  explosive  devices. 

Under  the  U.S.  Navy  Hasard  of  Electromagnetic  Radiation  to  Ordnance 
Program,  the  Low  Band  Pass  Transformer  was  conceived  by  Wing  Com¬ 
mander  Reginald  X.  Gray  of  the  Royal  Air  Feree.  The  invention  of  Com- 
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m«ndi«r  Cray,  a«  in  U.S  Navy  Caaa  No.  334S9,  partains  to  a  amall 

power  traniformer  deeigned  to  attenuate  t-l  power  without  alfecting  the 
operation  of  the  tranalormar  in  the  paea  band  of  frequenclas. 

"The  primary  object  lor  which  it  haa  bean  dealgned  la  to  provide  adeq.aata 
protection  in  a>c  firing  circulta  of  weapon  alectroeiqptealve  devicea  (KED) 
againat  oparioue  induced  enerpiea  from  alactromagaetle  and  olecIrMtaUe 
fielda". 


LUHTATION  OF  EXISTING  DEVICES 

The  general  aolution  to  the  Haaard  of  Electromagnetic  Radiation  to  Ordnance 
re^lrea  protection  at  all  frequanclea  above  a  nominal  freiitteney  in  the  re* 
glM  of  10  to  100  kc/a.  It  la  alao  reallaed  that  the  Impedaneaa  of  the  aperl* 
eue  electremagnetic  generatera  may  have  any  value  from  a  few  teiUha  af  an 
ohm  to  megohma  cad  will  generally  be  centj^ea.  bdetlng  devicea  that  may 
enhlhU  eharacterlatlca  for  the  protection  of  ayatema  againat  apurloua  oner* 
glee  do  not  eatiafy  the  above  regulremanta.  Some  of  the  devicea  and  their 
limitatiena  are  llated  balow; 

Low  Paaa  Wen-Dlaaipative  Electric  Flltara; 

Tbaae  fiUera  generally  cempriae  a  combinatien  of  coila  and  capacltora,  the 
performance  of  which  dependa  upon  their  ability  to  cauae  appreciable,  im¬ 
pedance  mlamatch  between  generatera  and  loada  of  apeciiled  impedaneaa. 
thereby  reaulting  in  purely  reflective  attenuation.  They  are  saeleaa  in  thia 
applieatlon  becauae  the  generator  Impedancea  cannot  be  apeetfied.  At  aocoe 
particular  fie^uaneioa,  input  Impedanca  of  the  filter  am  be  matched  by  Ra 
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conjugate  Impedance  and  the  filter  becomes  a  matching  seetian.  this 
caie,  all  the  power  will  be  dteeipated  in  the  load.  Commercial  practice 
is  to  use  50  ohms  impedances  in  the  measuring  system  for  insertion  loss. 
Hence,  a  filter  with  a  high  insertion  loss  in  a  50  ohm  system  mi|^t  hare 
practically  no  loss  in  a  system  of  hi^er  or  lower  impedance. 

Low  Pass  Dissipative  Electric  Filters; 

These  filters  are  a  combination  of  low  pass  non<^sslpative  elactrle  filters  and 
attenuators.  They  may  be  used  under  closely  centroUad  cenditiana.  At 
some  frequencies,  the  filter  may  exhibit  band  pass  charaeteristica  and 
may  yield  a  net  insertion  gain  if  the  reflective  insertion  gain  le  greater 
than  the  dissipative  insertion  loss.  Other  band  pass  charaeteristica  may 
result  from  changes  in  component  impedance  widk  varlatloa  of  frequency. 
Capacitors  may  bscome  inductive,  inductances  may  be  reduced  by  aelf> 
capacitance,  and  resistors  may  become  reactive.  Furthermore,  a  filter 
that  provides  real  attenuatioa  at  a  particular  frequency,  when  using  a  lew  lm> 
pedance  load,  may  give  a  significant  gain  when  a  hl^  Impedance  lead  la 
used. 

Electro-mechanical  Filtersi 

(e.g.  Plese-eleetrlc,  medtanicalvlbratlaB  devices,  etc.).  These  filters 
usually  have  goad  low  frequency  band  paas  characteristles,  however,  fitay 
do  not  provide  the  required  atop  band  duuraetarlstlcs. 

Bread  Band  Attenuatorsi 

These  devlees  are  useless  fee  this  ap^lcatlon  beeanse  they  lack  the  re- 
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quired  low  pass  characta.'Utica. 

Conventional  Transformara; 

Convantional  tranaformara  dallvar  powar  over  a  wlda  ruga  oi  fraquanciaa. 
Thair  efficiency  falla  off  rapidly  at  high  frequency  bacauaa  of  iron  ud 
copper  loaaea.  Unfortunatalyt  otpacitiva  coupling  between  wladiaga  cauaaa 
power  truafer  at  the  higher  frequenclea«  particularly  in  the  aymmetriCi 
co-axial  mode  in  which  the  driving  voltage  i^ppura  between  liu  and  ahleld. 

DESCRIPTION  OF  THE  LOW  BAND  PASS  TRANSFORMER 

The  low  band  paaa  tranaformer  which  waa  developed  for  the  Naval  Wupona 
Laboratory  haa  been  found  to  be  u  effective  eemponut  to  protect  electrically 
initiated  exploalve  devicea  from  apurioua  energiea. 

During  the  paaa  bud  mode  of  operation,  the  tranaformer  functiona  in  a 
conventional  mauer  with  reduced  efficiency  due  to  the  proximity  of  the 
windinga  and  aiu  and  compoaition  of  the  ferromagnetic  parta.  At  higher 
frequenciea,  the  ahield  attuuatea  the  magnetic  flux  produced  by  the  atop 
bud  aigula,  preventing  uy  coupling  between  primary  and  aecondary  wind- 
inga.  The  attenuation  increuea  with  frequucy  in  accorduce  with  the  Uw 
of  induction  deaeribed  below. 

The  attenuation  of  the  field  of  the  primary  winding  in  paaaing  through  a  nu- 
magnetic  ahield  foUowa  the  well  known  law  of  propagatiu  la  metala.  The 
general  theory  deala  with  the  propagation  of  the  eleGtro-magnetie  wave  In 
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a  continuous  medium 


The  electro-magnetic  characteristics  of  the  shield  with  various  frequencies 
follows  the  law  of  induction  of  current  passing  through  a  medium  at  depth 
z.  This  can  be  expressed  as: 


Where: 


Equation  1 

i^s  the  current  Just  inside  the  boundary 
u  *  permeability  of  the  medium  (henry/meter) 
w  *  2  TT  £  (fecps) 

c  s  conductivity  of  the  medium  (mho/meter) 


The  second  exponential  term  represents  the  periodic  variation  of  the  current, 
the  second  term  in  the  bracket  is  the  phase  angle  of  the  current  at  a  depth 
a  with  respect  to  the  surface  current  i^. 

The  first  exponential  term  indicates  the  damping  or  decrease  la  current 
amplitude  with  an  increased  depth  a.  The  damping  will  also  increase  with 
the  frequency.  Since  magnetic  flux  obeys  the  same  equations  as  the  current, 
the  induction  inside  a  non-magnetic  medium  will  also  decrease  as  the  fre¬ 
quency  increases. 

The  analysis  above  well  demonstrates  the  theory  behind  the  Low  Band  Pass 


19-6 


Tran8£ormer  that  is,  for  a  certain  shield  thickness,  the  attenuation  at 
low  frequencies  may  be  nil,  but  as  the  frequency  increases,  the  attenu¬ 
ation  will  increase  rapidly. 

Figure  1  Illustrates  the  detail  construction  of  the  low  band  pass  trans¬ 
former.  It  is  rated  for  continuous  operation  at  10  watts  in  the  stop  band 
of  frequencies.  The  transformer  is  hermetically  sealed  and  measures 
1.  38  inches  in  diameter  by  2. 0  inches  long. 

The  device  comprises  the  following  parts; 

Ferromagnetic  Core; 

The  material  and  construction  of  the  core  must  produce  minimum  eddy 
current  losses  during  the  pass  band  mode  of  operation.  A  laminated  con¬ 
struction  would  have  resulted  in  high  efficiency,  but  because  of  the  lamin¬ 
ations,  shielding  the  primary  and  secondary  windings  is  not  possible. 

A  study  of  different  core  materials,  such  as  Mu-metal,  Supermalloy, 
Alnico,  Silicone  Steel,  Hiperco,  Cold-Rolled  Steel,  Iron,  etc. ,  indicated 
that  the  more  ductile  metals  exhibit  the  best  characteristics.  The  siae  of 
the  core  has  some  affect  on  the  performance  of  the  transformer.  A 
shorter  core  provides  a  shorter  path  for  the  magnetic  flux,  thereby  de¬ 
creasing  the  amount  of  losses  dve  to  eddy  currents.  Slotting  the  core  also 
reduces  eddy  current  losses,  however,  the  reduction  was  only  sligM,  and 
did  not  warrant  the  increased  expense  involved.  Xn  addition,  at  some 
point  along  the  core  length,  the  slots  will  have  to  he  discontinued  to  pro- 
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vid«  complete  shielding  between  the  windings 


Non-ferromagnetic  Metel  Shield; 

The  transformer  core  must  not  permit  any  flux  established  by  the  r-f  stop 
band  signals  from  leaking  the  secondary  winding  because  of  the  attenuation 
and  losses  produced  by  eddy  currents  and  magnrtic  hyrtereals.  The  aen- 
ferromagnetic  shield  must  protect  the  secondary  winding  from  the  magnetic 
flux  established  by  the  stop  band  excitalimi.  The  shield  performs  this 
function  by  attenuating  the  flux  thus  avoiding  any  coupling  with  the  second¬ 
ary  coil.  While  protecting  the  secondary  winding  from  r-f  signals,  the 
shield  must  permit  the  maximum  magnetic  flux  to  circulate  between  the 
windings  in  the  pass  band  of  frequencies.  It  is  of  utmost  importance  that 
the  shield  be  mechanically  secured  to  the  case  and  the  core  in  order  to 
provide  complete  shielding  between  the  input  and  the  output  signals,  A 
non-ferromagnetic  material  must  be  used  to  avoid  shortening  the  magnetic 
circuit  between  the  windings,  7rom  Equation  1,  it  Is  evident  that  the  at¬ 
tenuation  is  a  function  of  the  permeability,  conductivity,  and  thickness  of 
the  shield.  Different  shield  materials  will  require  different  tblcknesses 
in  crder  to  yield  the  same  attenuation.  The  final  selection  of  the  shield  de¬ 
pends  largely  on  the  feasibility  from  a  metallurgical  and  metal-worMng 
point  of  view. 

The  importance  of  the  non-ferrous  sUeld  in  the  construction  of  the  trans¬ 
former  is  well  demonstrated  by  comparing  the  two  curves  in  Figure  2. 

The  transformer  containing  the  nM-ferrous  shield  exhibits  similar  char¬ 
acteristics  in  the  pass  band  to  the  transformer  oenstrutMd  without  the  shield. 
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In  the  stop  band,  the  attenuation  of  the  transformer  without  tlie  slUeld  in¬ 
creases  slightly  and  then  starts  to  fall  off,  due  to  capacitive  coupling. 

The  attenuation  of  the  transformer  containing  £ie  shield,  however,  in¬ 
creases  steadily.  Figure  3  demonstrates  the  variation  In  the  performance 
of  the  transformer  for  various  shield  materialc  having  the  time  thicknesses. 
The  material  havingthe  lowest  conductivity  exhibited  the  highest  attenuation. 
This  Is  expected  since  the  conductivity  is  inversely  proportional  to  the  depth 
of  penetration,  as  shown  by  Equation  1.  For  all  practieal  purposes,  the 
permeability  of  these  metals  is  1. 0. 

Case  and  Covers; 

The  case  and  covers  of  the  trainsformer  prpvide  r-f  shielding  for  the  second¬ 
ary  winding  In  the  atop  band  of  frequencies.  Ttey  also  furnish  a  magnetie 
path  for  the  dux  produced  by  the  primary  winding  in  the  pass  band.  Although 
ductile  metals,  vdiieh  were  mentioned  in  the  discussion  of  tlw  core,  provides 
the  necessary  charactsrlstics,  the  final  selection  of  the  material  depends 
on  how  easily  it  can  be  assembled,  formed,  braced,  etc.  The  same  material 
was  selected  for  the  construction  of  the  core  case  and  covers,  in  order  to 
provide  a  homogenous  path  for  the  magnetic  dux. 

The  surface  of  the  transformer  must  be  suffieienliy  large  to  ceadnet  the 
heat  produced  by  the  loseoe.  The  overall  sise  w(.s  also  a  far.etioo  of  the 
coils  dimensions. 
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Primary  and  Secondary  CoUa; 

The  design  of  the  coils  is  mainly  a  function  of  the  Inimt  and  output  require* 
ments.  The  impedance  of  the  primary  windings  determines  the  amount  of 
power  received  from  a  fixed  voltage  source.  To  obtain  tite  maximum  ef* 
ficiency,  the  impedance  of  the  secondary  winding  must  match  tite  load  re* 
aistance.  The  turns  ratio  between  the  primary  and  secondary  coila  must 
yield  th*!  Tnaxlmum  transformation  of  power  in  the  pass  band.  The  wire 
used  to  wind  the  coila  was  of  a  size  to  withstand  the  continuous  current  in 
the  atop  band,  and  contained  the  proper  insulation  to  withstand  continuonsly 
the  temperature  resulting  from  the  losses  as  well  as  the  ambient  tempera* 
ture.  The  efficiency  of  the  transformer  in  the  pass  band  depends  largely 
upon  the  flux  linkage  between  the  windings.  Unfortunately,  it  is  impractieal 
to  wind  the  coils  concentrically  and  stiU  maintain  shielding  between  the 
windings.  The  minimum  clearance  between  windings  will  produce  the 
greatest  resultant  efficiency.  Within  physical  limitations  thinnsr  coils 
having  larger  diameters  produced  better  coupling  sad  higher  affieleney 
at  the  pass  band  of  frequencies. 

Connectors; 

The  device  cannot  be  useable  uifiess  provisions  are  made  to  permit  it  to  be 
easily  connected  to  the  system.  To  accomplish  these  requirements,  the 
transformer  is  terminated  by  two  hermetically  sealed  glass  eonnsetors.  The 
input  connecter  is  a  standard  type  sdiich  mates  a  standard  cable  Jack.  The 
output  connector  is  a  special  r*f  type  which  also  mates  a  standard  r*f  eaUe 
Jack.  The  r*f  connecter  insures  the  complsts  shielding  of  the  system  fretn 
r*f  energy,  providing  proper  shielded  cables  and  eonnaeters  are  used  to 
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deliver  the  output  aigoal  to  the  load. 


CHiaracterlatica  and  Properties; 

Some  characterlatlca  of  the  transformer  are  demonstrated  In  Figure  4 
and  5.  The  power  frequency  characteristics  of  the  low  band  pass  trans* 
former  for  45  watts  of  input  power  are  shown  In  Figure  4.  solid  line 
curves  represents  the  total  powe;*  loss  and  the  input  and  output  power, 
while  the  dotted  line  curves  represent  the  core  losses  and  the  copper 
(i^R)  loss.  The  copper  loss  la  high  at  low  frequencies,  due  to  the  hl^ 
input  current.  At  high  frequencies,  the  current  Is  reduced  considerably 
and  with  it  the  copper  loss.  The  core  losses  exhibit  the  opposite  dhar- 
aeterlstlcs  since  they  are  a  function  of  the  frequency  rather  than  the  eur* 
rent,  can  be  seen  that  the  minimum  losses  occur  at  400  cps  anwead* 
mately}  the  frequency  at  which  minimum  attenuation  lu  required. 

Referring  to  Figure  5,  It  may  he  of  interest  to  note  that  thla  typo  of  trans- 
;crmer  has  fite  Inherent  characterlstles  shown  in  the  pass  hand.  The 
frequency  of  minimum  attenuation  may  be  varied  allgfatly  between  200  ond 
1000  cps,  but  the  general  shape  of  the  curve  will  remain  the  same. 

Density  ts  core  loss  eharactsristlcs  and  frsquoncy  vs  cere  loss  character* 
Istlcs  are  shewn  In  Figure  (  and  7.  Thsse  charactt  ristlos  dsmonstrata 
ths  magnetic  properties  of  the  dsvlcs.  At  50  kUeUnas/in^,  wbllo 
frequency  increased  firs  times,  tits  core  loss  Increased  hy  a  faster  cf  ton. 

Another  important  aspect  ef  the  performance  Is  the  tomporatuM  Tsrlatlon. 
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The  two  curves  in  Figure  8  demonstrate  the  varuition  of  temoerature  rise 
and  the  maximum  temperature  with  ambient  temperature,  'i^'ith  an  increase 
in  ambient  temperature,  the  temperature  rise  decreases  and  the  maximum 
temperature  increases.  The  maximvrm  temperature  as  a  function  of  time  is 
shown  in  Figure  9.  This  temperature  is  well  within  the  temperature  limita¬ 
tion  of  all  the  individual  parts. 

Performances; 

The  Low  Pass  Band  Transformer  had  been  designed  to  have  the  following 
characteristics: 

1.  With  an  input  power  of  45  watts  at  26  volts  400  cps,  the 
transformer  will  deliver,  to  a  one  ohm  riisistive  loaii,  a 
minimum  of  11.3  watts  (6  db)  for  a  period  of  1.0  milli> 
second  minimum, 

2.  The  transformer  will  withstand  100  waits  of  input  poiver  for 
a  minimum  of  1,0  millisecond  over  the  frequency  range  of 
100  cps  to  10  he  /s  (pass  band). 

3.  The  transformer  will  dissipate  continuously  10  watts  of 
incident  power  over  the  frequency  range  of  100  kc/s  to  10  Kmc/s, 
The  attenuation  at  these  froquencies  wlU  be  40  db  minimura, 

ENVIRONMENTAL  PERFORMANCE 

To  determine  the  environmental  performance  of  the  low  band  pass  trans¬ 
former,  a  group  of  prototype  units  were  subjected  to  tests  in  accordance 
with  applicable  portions  of  specification  MIL-STC-202B, 
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These  tests  included:  visual  and  mechanical  examination,  a  dielectric 
withstanding  voltage  of  1000  V  rms  from  terminals  to  case  at  25°C,  in¬ 
sulation  resistance!  hermetic  eeal  teat,  electrical  performance,  attenu¬ 
ation.  vibration,  shock,  salt  spray,  temperature  cycling,  immersion 
cj'cling,  moisture  resistance  and  life. 

None  of  the  units  subjected  to  above  teats  failed  electrically  or  mechanic¬ 
ally.  It  Is  safe  to  assume  that  the  dexdce  can  provide  high  reliability 
performance. 


CONCLUSION 

Protection  of  weapons  and  other  systems  from  spurious  r-f  energy  may  now 
be  accomplshed  by  using  the  low  band  pass  transformer.  It  has  been  demon¬ 
strated  that  this  device  will  deliver  the  signals  applied  to  it  in  the  pass  band 
of  frequencies,  while  attenuating  any  r-f  energy  as  the  frequency  increases. 
As  the  impedance  of  the  generator  is  not  a  function  in  the  design  of  the  trans¬ 
former,  It  CM  be  used  indescrlmlnatety  with  different  power  sources.  The 
reliability  of  performMca  hM  been  established  in  addition  to  the  fact  that 
all  parts  used  are  "state  of  the  art”  material,  which  have  been  used  in  the 
past  under  similar  conditions. 


ACKNOWUCOOMEWTS 

The  development  of  the  Low  BMd  Pass  Transformer  has  been  supported  by 
the  Naval  Weapons  Laboratory. 


19-13 


Appreciation  U  extended  to  Wing  Commander  Reginald  I.  Gray  for  tie  uee 
of  hla  patent  detail  and  hie  helpful  commente,  and  to  Meeere.  L.  S.  Pruett 
and  N.  Chloeta  of  the  Naval  Weapons  Laboratory  for  their  cooperation. 

The  assistance  of  Messrs.  G.  Stolar  and  C.  B.  Stegner  Is  gratefully 
acknowledged. 


REFERENCES 


1.  R.  I.  Gray,  "Disclosure  of  Invention",  -  Navy  Case  No.  33459. 

2.  E.  E.  Hannum,  "RF  Sensitivity  Specifications  for  ElectroexpXoahre 


Devices".  AIEE  -  CP  42-1141. 


3.  G.  P,  Harnwell,  "Principles  of  Electricity  and  Electromagnetism", 


McGraw-Klli  Book  Company,  New  York. 


CWT 

CONNECTOK 


LOW  BAND  PASS  TRANSrOKMER 
nOORC  I 


19-14 


19.  DISCUSSI(»I 


Kr.  Brovm  Mked  how  tar  the  transfonMr  could  be  mounted  troni 
the  WD  end  how  these  bleek  boxes  is^oeed  between  tho  firing  switch  end 
the  EED  would  effect  system  checkout.  Hr.  Stegner  seid  thet  the  transformer 

wee  cheeked  out  egeinst  speclficetions  end  not  egeinst  field  conditions  per 
ee.  As  far  as  sjrstem  ehecko’it  is  eoneemodf  he  has  no  answer. 

Kr.  Meyer  of  Bjorksim  Research  en—inted  that  credit  for  this 
device  should  go  to  Ejorksen  and  specifically  to  Dale  Kolihbeck  who  con¬ 
ceived  the  idea  in  1961.  Ihis  ccaswnt  was  made  for  the  record. 

CoBsaander  Grayi  for  the  record,  apologised  for  having  conceived  this  in 
England  in  1957. 

A  question  was  than  asked  concerning  dlamnsionB  of  the  device. 

Mr.  Stegner  said  it  was  1.28  inches  in  diameter  by  2  inches  long.  There 
is  no  estimate  of  tdiat  it  would  cost  to  mass  produce  this  item  at  this 
time.  It  was  said  that  tits  cost  would  ba  dspendent  upon  the  cost  of  the 
relays  and  connectors.  The  devics  could  conceivably  be  put  into  the  fuse 
without  connectors  to  save  space. 

Mr.  C.  Blank  asked  if  these  units  were  subjected  to  vibration, 
drop  or  ddock  tests.  The  reply  was  that  the  unit  was  subjected  to  40  C  of 
vibration  at  2000  or  3000  cycles.  Mo  drop  test  to  datej  some  are  planned. 
Mr.  Blank  cosiMnted  that  he  bad  a  solenoid  failure  from  a  2  foot  drop  test. 

Wing  Cmdr.  Qray  commented  that  the  EES  should  be  removed  from 
any  secondary  heat  source  because  of  the  danger  of  cook-off. 

Mr.  Salisbury  of  Lawrence  Radiation  Laboratory  asked  if  a 
magnetic  material  had  been  used  for  ths  shieldiwi  tiansformer.  The  answer 
was  that  the  material  served  to  short  out  sesw  of  the  flux.  Comdr.  (h'sy 
added  that  of  maty  materials  tried,  the  non-ferrous  ones  are  ths  best 
cesyreedse.  The  RF  attenuation  can  be  obtained  by  increasing  permeability 
or  decreasing  the  thickness  or  vice  versa.  A  comment  was  made  that  an 
efficient  device  bad  been  developed  using  thin  magnetic  films. 

Nr.  Blank  asked  if  ary  thou^t  had  been  given  to  protecting  ^e 
EES  during  servicing  or  replacement.  The  answer  was  that  there  was  not  but 
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there  is  obviously  a  point  to  designing  the  BED  lead  vith  proper  shielding 
to  obviate  RF  pick  up. 

It  MLS  stated  that  the  most  vulnerable  time  in  many  missile 
applications  occurs  'vdien  the  E£D  is  taken  frcm  its  safe  container,  the 
shunt  removed  and  it  is  installed  in  the  firing  system  vdiile  the  missile 
is  on  the  launching  pad. 

It  was  agreed  that  this  is  a  major  problem  and  Cmdr.  Gray  commented 
that  not  all  of  the  problems  would  be  solved  today. 

A  question  was  asked  concerning  the  power  requirements  of  the 
solenoid  and  the  BED.  The  answer  was  that  direct  current  is  used  but  the 
magnitude  is  determined  for  each  specific  application.  The  power  sources 
for  the  solenoid  and  the  squib  could  be  different  ones.  The  choice  of  the 
firing  source  is  left  to  the  user.  It  nay  oe  a  capacitor,  battery  or 
transformer.  The  main  action  here  is  in  arming. 


20.  RADIO  FREQUENCY  INTERFERENCE  GUARD 


by  Karl  Kraus,  Chief  Engineer  of  RF  Connectors  and  Allied  Products 
Scintilla  Division,  The  Bendix  Corporation 


Introduction 

The  need  to  develop  a  miniature  low-pass  Radio  Frequency  Attenuator 
or  RIG  (Radio  Interference  Guard)  stems  from  the  necessity  of  adequately  pro¬ 
tecting  EEO  (electro -explosive  devices)  against  spurious  energies  induced  into 
their  associated  circuits  by  electromagnetic  fields.  Generally,  shipboard 
radar  and  communications  equipment  are  the  sources  of  these  spurious  energies. 
At  the  present  time,  to  prevent  misfiring  of  these  EEO,  the  use  of  equipment 
endangering  ordnance  operations  must  be  restricted  or  the  ordnance  operations 
must  be  accomplished  at  a  point  remote  from  transmitting  antennas.  As  a 
result  of  studies  under  the  U.S.  Navy's  HERO  (Hazards  of  Electromagnetic 
Radiation  to  Ordnance)  program,  this  RIG  of  novel  design  and  capabilities  has 
been  conceived.  Patent  application  has  been  filed  at  the  U.S.  Patent  Office 
under  Navy  Case  No.  33,460,  Patent  Serial  No.  163162  by  Wing  Commander 
R.  I.  Gray. 

Basic  Concept 

The  design  of  the  RIG  device  is  based  on  the  concept  of  enclosing  an 
electrical  load  within  a  continuous  electromagnetic  shield  of  suitable  metal  and 
thickness,  thereby  providing  adequate  protection  for  the  load  against  all  radio 
frequency  and  electrostatic  fields.  This  concept  is  illustrated  very  simply  in 
Figure  1. 


20-1 


EXTERNAL  CONTACT 


INTERNAL  CONTACT 


BASIC  CONCEPT  OF  A  RADIO  INTERFERENCE  GUARD 
Figure  1 

The  load  if  intentionally  energized  by  application  of  a  potential  differ* 
ence  between  point!  A  and  B  on  the  exterior  of  the  metal  box.  When  ateady 
state  DC  is  used,  an  internal  potential  difference  is  set  up  between  points  C  and 
O,  which  is  almost  equal  to  the  external  potential  difference.  Low  frequency 
excitation  may  also  he  used,  and  thus  a  DC  step  function  will  pass  all  except 
its' high  frequency  components  with  only  little  power  attenuation.  Furthermore, 
frequencies  such  as  60  c/s  and  400  c/s  can  be  used  without  serious  power  loss. 

Design 

The  RIG  which  Scintilla  Division  is  developing  consists  of  a  coaxial 
transmission  line  the  length  of  which  can  vary  from  3  to  10  feet.  This  line 
requires  an  outer  conductor  of  high  permeability  and  an  inner  conductor  of  low 
resistivity.  The  inner  conductor  is  soldered  to  the  outer  conductor  on  both 
ends  of  the  coaxial  line.  The  mid-point  of  the  outer  conductor  is  soldered  to 
a  metallic  wall  as  shown  in  Figure  2.  F'igure  3  represents  the  DC  equivalent 
circuit  of  the  RIG. 
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DC  PROPAGATION 
FiRure  2 


R2  “  Cn 


Figure  3 

Operation 

U  a  DC  source  is  connected  between  terminals  A  and  B,  current  Hows 
through  the  inner  conductor.  The  only  attenuation  which  occurs  results  from 
the  shunt  losses  in  the  outer  conductor,  which  in  Figure  3  in  represented  by  the 
two  resistors  Rj,  and  from  the  series  loss  of  the  inner  conductor,  represented 
by  R2.  The  mode  of  operation  changes  at  higher  frequencies.  The  electro* 
RUkgnetic  wave,  bncause  it  is  restricted  to  the  outer  conductor  surface,  propa* 
gates  along  the  outer  surface  of  that  conductor.  When  the  wave  has  built  up  a 
suificient  electromotive  potential,  it  propagates  from  the  outside  surface 
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Ihruugh  the  wall  towai'u  the  Center  of  the  coaxial  line.  (See  Figure  4. )  In  pass- 
in  through  the  wall,  the  wave  is  attenuated  according  to  the  skin  depth  equation; 


«  =-L  + J_ 


(*^0 


meter/neper  or  radian 


a  s  attenuation  function  (nepers /meter) 
fi  «  phase  function  (radian/meter) 

(U  «  initial  permeability  (henry/meter) 
a  «  conductivity  (mho/meter) 

(u  a  Zir  X  frequency  In  cycles  per  second 
This  expression  describes  the  distance  at  which  both  the  electric  field  (E)  and 
the  magnetic  field  (H)  are  attenuated  to  e*l  of  their  respective  magnitudes. 
This  is  also  the  distance  at  which  the  phase  is  retarded  by  one  radian. 


AC  propagation 

Figure  4 

A  new  wave  phenomenon  is  then  excited  along  the  inner  surface  of  the 
outer  conductor  by  the  attenuated  wave.  This  new  wave  propagates  toward  the 
second  section  of  the  RIG  where,  upon  penetration  of  the  wall  of  the  outer  con* 
doctor  from  the  inside,  this  wave  also  undsrgoes  very  strong  attenuation. 
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The  attenuation  which  takes  place  as  the  wave  passes  through  the  metal* 
lie  barrier  is  governed  by  the  real  part  a  in  accordance  with  this  propagation 
function  equation: 

T  =  a  +j^  ~  (l  +  i) 

It  can  be  seen  that  the  material  which  giveil  the  highest  a  product 
will  giv.  the  maximum  attenuation  per  unit  volume. 

The  operation  of  the  RIG  may  be  described  more  simply  as  "attenuation  is 
accomplished  by  propagation  through  solid  metal". 

Advantages 

Unlike  conventional  dissipationless  filters,  the  RIG  does  not  rely  on 
reflective  attenuation  for  its  low-pass  performance  characteristic  and  because 
it  is  a  dissipative  device,  it  cannot  be  rendered  ineffective  by  inadvertent  match¬ 
ing  to  a  radio  frequency  generating  source.  However,  the  RIG  employs  reflec¬ 
tive  attenuation  in  the  dissipative  attenuation  band  with  the  result  of  increasing 
the  probability  of  protecting  itself  against  overheating  by  the  radio  frequency 
generating  source, 

DC  Analysis 

As  was  previously  mentioned,  the  DC  performance  and  attenuation  is 
dependent  on  the  resistance  of  the  outer  conductor  (Ko  ohms /ft),  the  resistanct 
of  the  inner  conductor  (C>  ohms/ft),  and  the  length  of  the  conductors  (n=  ft). 


R,  ■  .75  0 


yigure  5 
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Expressions  were  derived  by  salving  the  DC  network  for  the  inout  current 
(i,  "amps)  and  or.tput  current  (i2  =  amps) ; 


(A) 


/’R2(Ri+Rs) 
M-  -> 


R  +  2Rs  +  Ri  j  Eg 


i 


^RsRf  +  2RjRg  +  RgR2Rg  +  Rs^z  ^g^2  ^  ^  ^2^1^ 


(B) 


^RgRj+2RgRg  +RgR2R,  +  RsRz  +  RgR2  +RgRl  +R2Rlj 


The  analysis  showed  that  all  expressions  for  current  are  independent 
of  each  other  and  that  each  contain  the  variables  of  n,  K.  and  C.  Thus  ex> 
pressions  (A)  and  (B)  may  be  written  in  terms  of  these  variables  and  rearranged 
to  give  the  following  expressions; 

-(R'  jnt^  +2T')  +  2T')2  •4(nc3(  +R')T' 

jnC^  (  jnC^+R') 

s  -(S[n^  +2T)  +  2T)Z  -4  (nc3  (  QiCj  +  R)T 

[nc]  (  [n<^  +  R) 


For  convenience  and  facility  in  obtaining  maximum  information,  the 
quotient  of  the  outer  conductor  K  over  the  inner  conductor  C  and  the  product 
of  the  length  n  times  the  inner  conductor  C  were  plotted  on  a  single  set  of 
co-ordinate  axes  by  assignment  of  a  specific  value  of  0.  75  ohm  for  the  load 
resistance  R,.  (0.75  ohm  is  the  approximate  DC  resistance  of  the  Mark  I  squib.) 
The  generator  voltage  Eg  is  28  volts  and  the  generator  resistance  Rg  is  5  ohms. 
Data  obtained  from  computer  runs  were  used  to  arrive  at  the  two  families  of 
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curves  for  a  broad  range  of  values  for  the  input  and  output  currents.  (See 
Figure  6. ) 

Because  intermediate  intersection  points  can  always  be  interpolated, 
these  curves  give  all  possible  solutions  to  the  circuit.  However,  additional 
conditions  were  imposed  on  the  analysis  in  order  to  determine  which  portions  of 
the  curves  were  most  suitable. 

One  condition  imposed  was  that  of  cable  geometry.  Because  RF  atten¬ 
uation  is  a  function  of  outer  conductor  thickness  (t^^a  inches),  a  relationship  was 
derived  between  the  lumped  parameters-^  the  resistance  per  foot  of  the  inner 
conductor  C,  and  the  thickness  of  the  outer  conductor  tj^. 


The  units  of  resistivity  p  are  ohms-inches^/ft,  with  the  result  that 
the  insulation  thickness  t  and  the  thickness  of  the  outer  conductor  are  thick¬ 
nesses  in  inches  and  C  in  ohms/ft.  Expression  (E)  makes  it  possible  to  plot 
—  as  a  function  of  C  when  the  insulation  t,  tbs  resistivity  of  the  outer  conductor 

c 

p  and  resistivity  of  the  inner  conductor  p  are  fixed.  Several  curves,  each 
K  ^ 
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for  a  different  material,  of  this  function  were  plotted.  (See  Figure  8.) 

The  information  obtained  from  these  curves  shows  that,  for  increased 
RF  attenuation,  it  is  better  to  work  in  the  lower  regions  of  the  curve.  (See 
Figure  6. ) 


DESIGN  PARAMETERS  FOR  RIG 

Selection  of  Coaxial  Cables 

The  coaxial  cable  must  have  a  sufficiently  high  shunt  DC  resistance  to 
enable  firing  of  an  EED  (electro-explosive  device)  with  reasonable  low  currents. 
This  can  be  achieved  only  by  making  the  box  (Figure  1)  in  the  form  of  a  thin  tube. 
Because  attenuation  is  proportional  to  the  square  root  of  the  conductivity,  use 
of  a  higher  resistivity  material  to  increase  resistance  would  defeat  the  prime 
requirements  for  high  attenuation  and  therefore  is  not  permissible  ,  Further¬ 
more,  because  direct  current  resistance  is  inversely  proportional  to  wall 
thickness,  whereas  RF  attenuation  is  an  exponential  function  of  the  thickness 
(e''''!).  It  IS  not  permissible  to  obtain  high  resistance  in  a  short  length  by 
decreasing  the  wall  thickness.  The  DC  analysis  permits  the  selection  of  coaxial 
cables  according  to  information  given  by  extreme  points  which  appeared  to  be 
limits  on  the  curves  (Figures  6  and  6),  The  analysis  showed  that  the  thickest 
possible  wall  of  the  outer  conductor  will  give  the  maximum  RF  attenuation  and 
the  longest  possibl'.:  length  of  the  coaxial  cable  will  give  the  least  DC  attenuation. 

Because  of  design  limitations  of  vise,  DC  attenuation,  and  RF  attenua¬ 
tion,  compromise  was  necessary.  Six  designs  were  selected  which  made  it 
possible  to  investigate  the  affect  of  attenuation  on  the  RIG  device  based  on: 

a.  material 

b,  csble  sise 
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c.  inner  conductor  size 

d.  cable  length 

e.  DC  resistance  of  the  outer  conductor 

f.  wall  thickness  of  the  outer  conductor 

g.  permeability  of  the  outer  conductor 

Three  materials,  99%  pure  iron,  1010  steel,  and  Driver  Co,  42  alloy, 
wei-e  chosen  to  compare  the  fia  product  resulting  from  variatiun  in  conductivity 
and  initial  permeability.  Four  coaxial  cables  with  diameter  sices  varying  from 
0,012  to  0.025  inches,  three  inner  conductors  with  diameter  sizes  varying  from 
0.008  to  0.015  inches,  five  coaxial  cables  with  lengths  varying  from  3  to  10  ft, , 
outer  conductors  with  thickness  varying  from  0.  0015  to  0,005  inches,  and 
initial  permeability  varying  from  200  to  30,000  were  chosen. 

Construction  and  Sice 

An  analytical  study  of  heat  dissipation  for  the  RK  was  conducted  in 
order  to  gain  information  necessary  for  selection  of  a  proper  sice.  The  analysis 
was  approximate  and  contained  three  variables:  the  heat  dissipated  at  the  sur¬ 
faces  of  the  housing,  by  the  connectors,  and  hy  the  leads.  No  attempt  was  made 
to  study  the  temperature  gradients  inside  the  RIG  itself. 

As  a  result  of  this  study  a  snnall  unit,  l.SOO  inches  long  and  0,550  inches 
in  diameter,  and  a  large  unit,  2. 100  Inches  long  and  0.750  inches  in  diameter, 
were  selected.  The  small  unit  had  power  dissipation  capabilities  of  7  watts  and 
the  large  unit,  of  10  watts.  Under  the  conditions  of  the  analytical  study  these 
devices  had  surface  temperatures  of  a^roximately  300'’F. 

The  construction  of  the  coaxial  version  of  the  RIC  is  depicted  in  Figure 
9.  This  version  of  the  RC  employs  a  6  foot  long  coaxial  cable.  This  cable  has 
a  nominal  outside  diameter  of  0. OIS  inch,  a  nominal  0.003  inch  wall,  and  uses 


20-11 


■ 


rigur*  9 


20-12 


a  0.010  inch  copper  wire  insulated  with  Silotex.  The  exterior  of  this  rtiaxial 
cable  is  coated  with  DuPont  ML  high  temperature  polyemide  lacquer  in  order  to 
provide  the  cable  with  insulation.  Half  of  the  cable  is  wound  in  three  layers 
onto  a  ceramic  spool.  The  two  sections  of  this  spool  and  a  metallic  disc  at  the 
mid-point  of  the  spool  are  held  together  by  a  metallic  rivet.  The  mid-point  of 
the  outer  conductor  of  the  coaxial  cable  is  soldered  to  the  disc.  The  remaining 
three  feet  of  coaxial  cable  is  wound  in  three  layers  onto  the  second  section  of 
the  spool.  The  line  is  short-circuited  at  both  ends  and  soldered  to  the  end  discs. 
Section  I  is  placed  into  housing  1  and  sealed  with  solder.  This  operation  ensures 
an  electromagnetic  shield  between  the  two  sections.  Housing  2  is  placed  over 
housing  1  and  formed  over  at  the  end.  To  ensure  environmental  sealing,  the 
entire  unit  is  impregnated  with  a  potting  compound.  In  turn,  the  filling  holes 
are  sealed  with  solder  in  order  to  ensure  proper  shielding, 

RF  Attenuation 

The  value  /t ,  or  incremental  permeability,  is  a  function  of  the  fre¬ 
quency  and  Che  applied  field  intensity.  The  formula  for  the  propagation  constant 
shows  that  the  values  for  directly  establish  the  magnitude  for  both  the  atten¬ 
uation  constant  q  and  the  phase  constant  fi.  No  accurate  figures  for  ft  versus 
frequency  and  field  intensity,  which  would  allow  calculation  of  the  attenuation, 
are  available  for  the  materials  used  in  the  RIG  .  Therefore,  it  was  necessary 
Co  determine  the  attenuation  versi*  frequency  of  the  RIO  experimentally. 


POWER 

AMPLIFIER 

HH 
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Attenuation  »  10  log  10*** 
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BLOCK  DIAGRAM  OF  ATTENUATION  TEST 
Figure  10 
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Figure  10  contains  a  general  diagrammatic  representation  of  the  im¬ 
pedance  and  voltage  measurements  which  have  been  used  for  obtaining  an  atten¬ 
uation  or  insertion  loss  in  db. 


Attenuation 


10  log  10  db 


is  the  total  power  absorbed  by  the  RIG  and  the  load  (or,  power  in)  and 
is  the  total  power  absorbed  by  the  load  (or,  power  out). 

The  devices  were  tested  for  power  attenuation  from  OC  to  1  megacycle 
and  from  1  MC  to  2000  MC. 

The  curves  in  Figures  11  and  12  represent  voltage  and  power  measure¬ 
ments  of  the  RIG  taken  from  DC  to  I  MC.  It  was  not  necessary  to  employ  match¬ 
ing  techniques  to  obtain  measurements  in  this  range.  Information  illustrated  in 
Figures  11  and  12  indicates  that  the  device  is  performing  as  expected  and  that 
attenuation  increases  with  frequency.  Furthermore,  it  shows  that  99%  iren  has 
a  higher  fttr  factor  than  42  alloy  or  1010  steel. 

An  experiment  was  set  up  to  prove:  (1)  that  the  RIG  is  a  dissipative 
device  and  that  it  cannot  be  rendered  ineffective  by  matching  to  an  RF  power 
source  and  (2)  that  attenuation  on  the  device  increases  with  frequency. 

Power  measurements,  illustrated  in  Figure  13,  were  made  at  10,  100, 
156,  1000,  and  2000  MC  under  matched  conditions,  by  applying  RF  power  of 
up  to  15  watts.  No  measurable  output  was  detected  with  micro-watt  detectors 
when  the  RIG  was  terminated  in  0,75  and  50  ohm  loads.  Rapid  heating  oi  the 
RIG  was  noted.  This  proves  that  the  RIG  is  a  dissipative  device. 

One  more  test,  to  determine  whether  RF  power  is  reflected  when  the 
device  is  not  matched,  was  performed.  This  test  consisted  of  placing  the  de¬ 
vice  into  a  50  ohm  line  and  terminating  the  RIG  in  0.75  and  50  ohm  loads. 

A  Microwave  Devices  (formerly  M,  C.  Jones)  Type  703  RF  power  meter  for 
measuring  incident  and  reflected  power  was  placed  in  front  of  the  RIG.  RF 
power  of  up  to  15  watts  was  applied  at  5,  15,  30,  50,  100,  and  150  MC,  The 
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power  reading  of  the  incident  versus  the  reflected  power  was  the  same  in  all 
OLi-na  when  the  RIG  was  terminated  in  0.  75  and  50  ohm  loads.  This  proves 
that  all  RF  power  is  reflected  when  the  device  is  not  matched. 

In  conclusion,  it  can  be  said  that  the  RIG  is  an  effective  device  in 
protecting  EEO's  from  RF  radiation.  When  matched  to  an  RF  source,  the 
RIG  attenuates  the  RF  power  in  a  dissipative  manner  and  can  dissipate  up  to 
10  watts  of  RF  power.  When  it  is  not  matched,  it  effectively  employs  reflective 
attenuation,  which  provides  additional  protection  against  overheating. 
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20.  DISCUSSION 


Mr.  Adeiman  of  Picatinny  Arsenal  asked  if  argr  estimate  was  made 
of  the  cost  in  mass  production.  Mr.  Kraus  and  Wing  Cmdr,  Gray  declined  to 
estimate  the  cost. 

A  Voice,  eomaenting  on  the  film  (presunably  the 'Achilles  Hell 
of  Modern  Weapons"),  mentioned  it  was  undesirable  to  go  to  insensitive  BED'S 
because  of  the  increased  power  supply  requirements.  A  missile  may  have  as 
mary  as  200  EEC's.  With  all  of  these  protective  devices,  10  pounds  of 
additional  power  supply  may  be  required  in  addition  to  the  weiglit  of  the 
protective  devices. 

Commander  Gray  said  that  no  additional  power  is  required,  Ihis 
design  operates  from  a  standard  power  supply  as  used  with  more  sensitive 
EED's.  The  input  requirements  will  be  the  same  as  a  Mark  1  Sqidb  for 
example, 

A  questioner  asked  how  much  one  or  two  hundred  of  these  devices 
would  weigl^  Commander  Gray  recognised  this  as  a  good  question  and  con®Jnted 
that  some  compromise  is  necessary  to  solve  the  problem  adequately. 

Mr,  Blank  asked  vAiat  temperatures  were  developed.  Mr.  Kraus,  said 
that  the  maximum  surface  temperature  for  a  small  device  was  300“?, 

Mr.  Kilpatrick  of  General  Dyaamics  asked  what  ijurces  of  power 
could  pose  a  problem  in  light  of  the  20  watt  dissipation  euid  the  25  db 
attenuation.  Mr.  Kraus  ans'i/ered  that  much  of  the  normal  losses  would  be 
in  reflection.  It  will  afford  25  db  of  attenuation  and  at  the  same  time 
dissipate  10  watts  of  power.  These  are  limitations  that  can  be  used  for 
calc’ilation  in  individual  problem  areas. 

Mr,  Barkham  of  Lockheed  asked  if  this  device  prevented  electrical 
■:-l59s  from  thn  exploding  BED  from  being  fed  back  into  the  firing  line. 
Commander  Gray  said  that  this  device  is  not  auitable  fw  high  impedance, 
it  waa  designed  for  low  ingjedances  like  1  ohm  bridgewlres.  He  stated  that 
we  don't  talk  about  EHWs  since  the  lest  Congrese.  Mr.  Kraus  commented 
it  passes  the  high  peak  and  therefore  could  not  be  used  for  an  EBW 
'  '^vic*;,. 
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li’rTRODUCTio;: 

The  ;LU):L\2  problem  for  free  fail  ’./capons  nas  'L.een  attac’ced 
from  various  directions,  where  a  multitude  of  partial  solutions 
have  been  proposed,  A  complete  solution  to  the  problem  is 
to  completely  encase  the  weapon  In  a  conducting  shield  so 
that  high  frequency  signals  are  not  able  to  penetrate  the 
shin.  iTow  the  problem  arises  03  to  how  docs  one  communicate 
v/ith  the  weapon.  The  folio’/ing  report  deals  v;lth  a  method  of 
communication  by  propagating  low  frequency  electromagnetic 
radiation  through  a  conducting  medium.  The  discussion  is 
restricted  to  one  utmensional  magnetic  field  flow  perpendicular 
to  the  conducting  material.  Essentially  two  cases  are 
considered,  a  sinusoidal  input  and  a  step  function  input,  Tt 
is  shown  theoretically  and  experimentally  that  energy  from 
a  low  frequency  magnetic  field  will  penetrate  the  conductor 
and  that  energies  from  signals  wlose  frequencies  are  above 
10  lie  will  be  attenuated  to  a  negligible  value,  yielding 
a  device  which  Is  a  low  frequency  band  pass  filter. 

Tia-.ORETIGAL  STRDY 

The  discussion  in  this  section  will  be  concernca  with 
the  r.rnnsfer  of  magnetic  energy  through  various  media  and 
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boundaries.  The  problem  can  be  briefly  pointed  out  in 
Figure  i(a).  A  current  1^^  flows  in  windings  proauclng 
a  magnetic  field  which  is  propagated  through  a  new 
medium  (x)  as  and  into  the  secondary  core  as  and  produces 
the  current  ig  in  the  windings  ^2*  The  evaluation  of  these 
parameters  and  their  dependence  upon  the  physics  ''f  the 
machine  is  best  described  through  an  interpretation  of  :?axwell's 
equations,  i.e., 


•  B  = 

0 

(1) 

•e 

•  E  = 

P/< 

(2) 

X  H  = 

•4 

I  +  €  (dE/dt) 

(3) 

X  E  = 

(4) 

where 


B  is  the  magnetic  flux 

H  is  the  autgnetlc  field 
«« 

I  is  the  true  current  density 
E  is  the  electrJv  field  Intensity 
p  is  the  charge  density 
t  is  the  time 

The  current  density  I  =  oE  where  cr  is  the  electrical 
conductivity  tensor.  If  one  takes  the  curl  of  equation  (3) 
and  (4)  and  assumes  that  the  medium  is  a  good  conductor, 
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so  tl-at  7 
be  written 


where 


1  and  7  *  12  =  0,  then  a  diffusion  equation  can 


for 

the 

quantities  H,  E  and  i,  l.e., 

=  (Ji- 

(dVdt) 

(5) 

=  Q,* 

(dEAt) 

(6) 

7^1 

=  .<> 

(SiAt) 

(7) 

llj 

the 

magnetic  permeability 

T'irst  let  us  consider  the  cose  where  the  current  flowing 
in  windings  :h  and  the  nagnetic  field  produced  by  the  current 
are  sinusoidal  as  Equation  (5)  then  becomes 


7^  = 


(6) 


he  case  in  general  may  be  approximated  by  Elgure  1(b),  where 
tiiG  magnetic  field  H  Is  directed  in  the  x  direction  only, 
producing  a  current  i  in  the  copper  media  in  the  z  direction 
only.  Equation  (7)  is  written  as 


o 


vjIktc 

=  jw 


”r:ice 

T  =  (1  +  J) 


(10) 
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where 


(11) 


Which  is  called  the  skin  depth,  i.e.,  that  penetration  where 
the  induced  current  and  associated  toagnetic  field  is 
reduced  to  1/e  of  its  value  at  the  surface  x  »  0. 

Equation  (8)  in  our  case  can  be  written  in  the  sane 
foam  as  equation  (9),  i*  e. 


'  ~2“"'  “  (12) 

When  the  appropriate  boundary  conditions  are  applied  the 
solution  of  equation  (12)  is  written  as 


u  -  „  (I  +  J)  x/6 

Hjj  -  H^e 

where  is  when  x  =  0. 

Which  describes  the  oooplex  magnetic  field  in  the  conductor 
as  is  shown  in  Figure  2* 

By  coupling  equation  (13)  with  Faraday's  induction 
law,  i.e* 

A 

V  «=  ^  E.dA 

The  voltage  developed  in  the  secondary  windings  1(2 


whose  absolute  value  is 


IVp)  =  w 


(16) 


/iss'^ning  at  this  point  that  is  constant  with  frequency 
than  n  plot  of  versus  ut  v;lll  show  a  pes>  nt 


_a_ 


X  ^  <T 


(17) 


as  is  shown  in  Figure  3  for  various  values  of  x*  In 
practice  however  is  not  a  constant  with  m  since  it  is  a 
direct  function  of  Ij^.  At  very  low  frequencies  i2^  is  not 
a  severe  function  of  M)y  but  at  frequencies  above  100  cycles 
per  second  ij^  is  definitely  affected  by  ui  since 

^  s  11 . . 

^  5  ^si  C16) 


where  the  equivalent  circuit  is  shown  in  Figure  V(a)* 

The  resistance  Rj^  is  more  than  the  dc  resistance  of  the 
windings  The  conducting  sheet  (x)  acts  as  a  single 
turn  load  to  the  primary  and  is  essentially  resistive) 
although  it  is  frequency  depended.  Ifence  at  frequencies 
above  about  iuO  cycles  per  second  is  written  as 


(19) 
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where  r  Is  the  radius  or  the  solenoid. 
The  magnitude  of  V2  in  this  case  is  then 


we 


(20) 


where 


-‘i 


2fr 


ropresehting  the  penneablllty  of  iron.  The  naxitmui 
frequency  here  is  given  by 


-  f(l.,R) 


(21) 


where  f  (L|H)  varies  with  the  oore  geometry  turns  ratio 
and  the  material  and  thickness  of  the  eonduotli^  material. 


To  investigate  energy  transfer  frMi  a  step  Input 
function  we  begin  again  with  Figure  V.  When  switch  S 
is  closed  the  current  flowing  In  windings  is 

e 

ij  «  Iq  (1  -  e'^V^sl^^  )  (22) 

where  1^  «  ^  associated  siagnetie  field 

produced  is 

»  Hp(l  -  e’^^l^sl^^)  (23) 


2l«d 


where 


IL  = 


2trr  -^0  2tr 


„  J!a _ '‘ji 


A  solution  of  equation  (12)  after  applying  the  appropriate 
boundary  condition)  is  in  this  case 


2^  =  Hjje"*/*s  (1  -  e’ 


<2»0 


where  6^  is 


1  -  e"  ^ 


n  1/2 


on  (Bizi's!)  ® 


“  (Bi/l^si)  t 


(25) 


The  skin  depth  (4^)  fros  a  step  input  la  therefore 
dopciMlent  on  tiae  as  well  as  the  eleotrioal  eonduetifity 
O)  the  peraeability  ^  and  the  olrouit  paraaeters  Ri  and 
Wl-  The  voltage  V2  developed  aoroas  >2  1* 


V2(t)  •  V  jI"  i  «A 


(26) 


2ot 


-al 


The  energy  (W)  delivered  to  the  load  resistor  Is  given 
by  (o*f*  Figure  4(b)) 


W  ■  l2*(t)  I^T 


(27) 
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v/here  T  =  the  duration  of  VgCt)  and 
IgCt)  = 

+  / _ ^ii:ai3bLL__ 'N 

UjiCRg  +  Hj^)  “  RiLgg  / 

The  energy  delivered  to  a  load  is  then  dependent  on  the 
size,  geonetry  and  turns  ratio  of  the  transformer  and 
highly  dependent  on  the  thickness  and  physical  properties 
of  the  conducting  shield.  The  dependence  on  and 
is  in  turn  essentially  constant  with  X|  as  will  be  shown 
in  the  next  section. 

PARilKETER  EFFECTS  AND  EXPERIMENTAL  RESULTS 
In  the  preceding  section  we  developed  both  Voltage  and 
current  equations «  which  describe  the  energy  propagation 
process  from  one  medium  to  another}  when  the  input  signal 
is  sinusoidal  and  when  it  is  a  step  function.  Xn  this 
section  we  hope  to  confizn  these  expressions}  at  least  in 
part}  by  some  experimental  results  that  have  been  obtained. 
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Let  us  take  the  sinusoidal  case  first  where  only  a 
limited  amount  of  experimental  work  was  performed.  In 
this  case  voltage  measurements  were  made  across  a 
secondary  load  of  0.75  ohms  as  a  function  of  the  driving 
frequency  ai/2ir.  A  plot  of  the  output  to  input  voltage 
ratio  versus  the  driving  frequency  (a;/2ff)  is  given  in 
Figure  6.  The  physical  properties  of  the  device  are 
shown  in  the  figure.  Over  the  frequency  range  of  1  KC 
to  200  KC  the  variation  of 

2  X  10  indicating  a  vers'  definite  filtering  action. 

The  corresponding  curves  shown  in  Figure  3  show  that  the 
curve  should  have  peaked  at  about  20  KC,  but  a  closer 
look  at  the  equation  (22)  indicates  a  term  dependent 
upon  the  resistance  and  inductance  of  the  circuit  which 
is  subtracted  from  the  term  8/x >cr,  which  compensates 
for  the  variation  in  the  two  curves. 

The  bulk  of  the  experimental  work  was  performed  where 
the  input  was  a  step  function.  The  information  desired 
was  the  energy  transmitted  through  the  conducting  shield 
to  the  resistive  load  connected  across  the  secondary 
windings.  Figure  6  shows  plots  of  the  energy  delivered  to 
the  resistive  load  Rj^  as  a  function  of  the  shielding 
thickness  x  and  the  core  area  cross  section.  The  physical 
parameters  of  the  materials  are  given  in  the  figure.  The 
input  voltage  in  ail  cases  was  28  volts.  The  energies 
transferred  range  from  1000  to  800,000  ergs,  which  are 
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adequate  for  firing  electro-explosive  or  semiconductor  devices. 
The  theoretical  curves  and  experimental  data  (points)  on  the 
curve  fit  very  well.  The  values  of  the  leakage  inductance 
looking  from  the  secondary  constant  with  the  turns 

ratio  both  the  primary  and  secondary  leakage 

Inductances  and  1^2  were  constant  with  the  shielding 
thickness  x. 

Ail  the  discussions  of  this  report  have  been  restricted 
to  electrical  energy  transfer.  It  is  also  possible  to 
transmit  electrical  energy  by  doing  mechanical  work,  such  as 
separating  two  sections  of  a  magnetic  core.  This  type  of 
investigation  has  been  conducted  at  the  Naval  Ordnance 
Laboratory  by  Mr.  Roland  Schlie. 

Figures  (8)  and  (9)  are  possible  communication  systems, 
using  the  aforementioned  principles  as  the  communication  link. 
Figure  (8)  shows  a  system  which  uses  a  sinusoidal,  input  to 
drive  different  tuned  circuits.  Each  tuned  circuit 
operating  at  a  different  frequency  would  be  a  selection  for 
the  pilot.  Prior  to  separation  or  bomb  release  the  core 
is  energized  with  a  dc  current,  and  as  the  bomb  is  released 
a  signal  on  the  secondary  windings  arms  the  weapon. 

Figure  (9)  shows  a  system  which  incorporates  a  series  of 
step  input  voltages  to  select  the  arming  and  fuzing  sequences 
desired.  The  second  transformer  is  energized  prior  to 
separation  and  the  pulse  generated  at  separation  arms  the 
weapon.  Both  systems  would  have  to  be  armed  deliberately 
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by  the  pilot  to  that  an  accidental  releaae  or  a  desired 
jettison  would  leave  the  weapon  in  a  safe  condition. 

CONCLUSIONS 

A  transformer  whose  primary  and  secondary  windings 
are  wound  on  iron  cores  will  exhibit  the  behavior  of  a 
lew  frequency  band  pass  filteri  if  the  iron  cores  are 
separated  by  a  thin  conducting  sheet.  This  has  been  shown 
theoretically  and  experimentally.  For  a  copper  sheet  .040 
inches  thick  the  attenuation  of  the  magnetic  field  at  100  KC 
is  greater  than  2  orders  of  magnitude,  and  at  one  megacycle 
it  is  attenuated  by  seven  orders  of  magnitude.  The 
associated  electiw  field  is  attenuated  some  8  orders  of 
magnitude  below  that  of  the  magnetic  field.  If  then  a  weapon 
is  completely  encased  in  a  conducting  material  the  internal 
components  of  the  iseapon  will  not  be  affected  by  radar.  The 
split  transformer,  however,  provides  a  method  of  eemmunicatlen 
idiich,  while  not  very  efficient,  has  been  demonstrated  to 
be  quite  feasible  from  an  energy  transfer,  reliability  and 
sixe  viewpoint. 
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21.  DISCUSSION 


A  questioner  asked  the  power  suppljr  requireoent  for  multiple, 
simuDtaneous  release.  Mr.  VSiite  answered  that  the  efficiency  was  poor. 
With  as  many  as  54  bombs  on  the  plane  requirinf  arming  at  the  same  time, 
you  might  have  a  problem  but  with  hi^er  voltage  it  looks  as  though  this 
problem  could  be  circumvented. 

Mr.  Warren  of  Ihe  Franklin  Institute  coBaaented  that  the  .04 
inch  shield  would  r«dui.e  the  p9xx:t.abillty  of  the  core.  Even  a  0.001  iiich 
would  be  adequate  thickness  for  the  riiield.  The  shield  could  be  made  of 
a  high  permeability  material.  Each  of  these  would  improve  the  efficiency 
of  the  device.  Mr.  White  added  that  shields  mnaller  than  .04  inches  were 
used. 

Mr.  Altman  of  Dahlgrcn  asked  if  repeated  use  of  the  device  could 
be  made.  He  asked  if  studies  had  been  made  of  mating  surfaces  in  order  to 
eoctend  the  magnetic  core  through  the  ^eld  and  sijq^  diiald  the  flux 
linkage.  The  answer  was  that  a  method  similar  to  this  was  designed  and 
used  in  a  weapon.  Signals  were  passed  through  it.  The  Intent  was  to  use 
it  as  a  fix,  but  It  could  also  be  used  for  oonunloation.  Mr.  Sohlle  will 
probably  answer  that  question  in  more  detail  in  the  next  presentation. 
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22.  A  ffilCHANICAL  PULSE  TRANSFORMER 
Roland  V.',  Schlie 

U.  S.  Naval  Ordnance  Laboratory 
White  Oak,  Silver  Spring,  Maryland 

INTRODUCTION 

The  application  of  electroexplosive  devices  (EED)  In  fuze 
systems  has  many  advantages.  Their  susceptibility  to  radio 
frequency  (RF)  s'gnals  continues  to  be  a  major  justification 
for  substitutions  wh’ch,  while  not  susceptible  to  RF,  do  not 
have  the  inherent  advantages  of  the  EED. 

It  Is  the  purpose  of  the  paper  to  present  a  device  which 
could  provide  RF  Isolation  to  a  bomb  fuze  Incorporating  an  EED. 
This  device  may  be  called  a  mechanical  pulse  transformer  which 
will  enable  the  fuze  circuitry  to  be  completely  shielded  and 
yet  permit  the  application  of  aircraft  electrical  signals  to 
Initiate  fuze  function. 

A  properly  designed  transformer  can  provide  effective 
Isolation  from  RF  signals.  Reference  (a).  However,  the 
efficiency  with  which  a  d.c.  firing  pulse  can  be  transformed 
tc  the  secondary  load  has  been  a  major  limitation.  In  the  case 
of  the  mechanical  pulse  transfoimmer  the  bulk  of  the  energy 
output  Is  Introduced  mechanically.  Wh’le  d.c.  excitation  Is 
required  for  function,  output  energy  resulting  from  excltat'on 
or  dc-cxoitatlon  Is  negligible. 
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DESCRIPTION 


A  reactive  circuit  containing  stored  magnetic  energy  will 
accept  additional  energy  if  the  reactance  Is  forcibly  changed 
(references  (b)(c)(d)).  A  transformer  having  separate  primary 
and  secondary  coll  assemblies  is  such  a  reactive  circuit.  If 
mechanical  energy  Is  used  to  forcibly  separate  the  transformer, 
part  of  this  energy  will  be  dissipated  In  the  connected  load 
resi stance. 

Figure  1  shows  a  cross  section  of  the  test  model.  Both 
primary  and  secondary  cores  are  made  of  mild  unannealed  steel, 
chosen  to  have  a  maximum  core  loss  for  a.c.  excitation.  The 
0. 009-Inch  gap  tends  to  hold  down  residual  flux.  A  large  number 
of  primary  turns  are  chosen  to  obtain  as  much  primary  inductance 
as  possible.  High  primary  inductance  provides  better  distribu¬ 
tion  of  the  energy  pulse  to  the  secondary  load  and  a  large  time 
constant  for  excitation  and  de-excitation  pulses.  Secondary 
turns  are  chosen  for  beet  power  transfer  to  the  secondary  load 
resistance. 

A  possible  design  configuration  for  application  with  a 
bomb  is  shown  in  Figure  2.  The  shield  shown  would  most  likely 
be  made  of  soft  copper,  pressfit  in  the  ,’ecor.dary  or  primary 
core  to  provide  complete  shielding  of  the  two  colls.  The 
power  dissipated  in  the  shunt  la  dependent  upon  the  ratio  of 
N'^/R  for  the  shunt  as  compared  to  nVh  for  the  secondary  coil. 
Calculations  indicate  that  ample  shield  thickness  can  be 
obtained  without  decreasing  power  output  by  more  than  20  percent. 
Other  configurations  are  also  feasible. 
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It  should  be  noted  at  this  point  that  the  applications 
envisioned  to  date  would  employ  the  Navy  Aircraft  "?uze  Function 
Control  Set  AN/AVAV-l"  for  a  source  of  195-  or  300-volt  d.c. 
excitation  power.  With  this  conception,  an  Intent-to-drop 
input  signal  for  the  system  is  initiated  by  the  pilot;  the 
bomb  fuze  system  is  initiated  after  actual  separation  of  the 
bomb  from  the  aircraft  has  occurred.  Thus,  the  application  of 
the  mechanical  pulse  transformer  can  provide; 

1.  Dual  input  signals  for  bomb  system  initiation. 

(a)  Excitation  by  pilot. 

{b)  Separation  of  bomb  from  aircraft. 

2,  Complete  separation  and  shielding  between  the  aircraft 
and  bomb  electrical  systems, 

TEST  PROCEDURES 

preliminary  tests  Indicated  that  the  relationship  of  power 
output  and  excitation  flux  density  was  well  known  and  easily 
verified  within  the  Umlta  o'*  unaaturated  cores.  Output  power 
as  a  function  of  the  velocity  of  aeparatlon  waa  far  leas  under¬ 
stood.  Test  efforts  were  therefore  directed  toward  obtaining 
data  which  would  demonatratc  thla  relationship,  A  theoretical 
analysis  of  the  behavior  of  t.hc  mechanical  transformer  Is  shown 
in  Appendix  A. 

’^asurements  of  energy  pulses  are  at  best  a  cumbersraae  task, 
"Krg -meter"  techniques  were  tried  with  reasonable  success  but 
d'd  not  provide  a  very  visual  Indication  of  the  parameters  of 
Interest,  maximum  power  output  and  time  durations.  The  simple 
teat  arrangement  shown  In  Figure  3  proved  to  be  the  moat  useful. 


■'■.O'  li^raph"  or  the;  oscilloscope  traces  were  analyzed  to  obtain 
;  re !  at. ionsh’ p  of  output  load  voltage  as  a  function  of  tine. 

Dr-.oppir,!/;  a  weight  a  sieasured  distance  proved  to  be  the 
s'rnpler.t  method  of  Imparting  a  known  velocity  of  separation  to 
thf  secondary  core  and  coil  assembly.  The  test  fixture  for 
ac  ;o:npl  isiiing  this  is  sliown  In  sketch  form  by  figure  4.  Drop 
cJ’.starce  .S  was  increased  to  obtain  higher  velocities  of  separa- 
t  ion,  Tiie  weight  used  had  to  be  relatively  large  compared  to 
the  core  and  coil  in  order  to  overcome  magnetic  attraction 
without  a  serious  change  in  velocity.  FLneteen  pounds  were  used 
to  obtain  the  test  dat.i  given  in  this  paper.  The  secondary  core 
and  coil  plus  stem  and  stop  weighed  three-quarter  pounds. 

PERFOHMANCE 

Tt  appeared  that  the  best  method  of  evaluating  and  under¬ 
stand  'n.’  the  performance  of  a  mechanical  tranaforraer  would  be  to 
make  a  graphic  comparison  of  the  actual  performance  curves  with 
those  calculated  from  theoretical  equations.  Appendix  A  contains 
the  theoretical  equations  which  were  derived  on  the  basis  of  the 
"ollowing  assumptions; 

1.  Reluctance  of  the  magnetic  circuit  Is  proportional  to 
the  square  root  of  tne  air  gap  distance. 

£.  Velocity  of  separation  Is  constant. 

Appendix  3  contains  the  theoretical  equation  for  which  transformer 
constants  were  calculated  from  teat  data.  Logarithmic  graphic 
presentations  are  included  In  Appendix  B«  Figures  9  and  10,  but 
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these  plots  do  not  present  the  voltage-time  and  power-time  curves 
In  their  most  familiar  form.  Figure  5  Is  a  plot  of  output  load 
voltage  versus  time  for  (l)  the  mechanical  pulse  transformer, 

(2)  the  calculated  theoretical  equation,  and  (3)  8  conventional 
capacitor  discharge.  Figure  f  Is  a  plot  of  output  power  versus 
time.  Included  In  Figure  f  are  the  total  energy  quantities 
obtained  by  Integrating  the  power  curves. 

The  close  correlation  between  the  voltage  and  power  curves, 
as  well  as  the  total  energy  calculations.  Justifies  the  assump¬ 
tions  used  in  deriving  the  theoretical  equations. 

Load  resistance  as  a  ftinctlon  of  relative  output  energy  is 
shown  In  Figure  7.  Maximum  energy  output  occurred  for  a  load 
resistance  of  1.4  times  the  secondary  coll  resistance.  Optimum 
power  output  can  be  obtained  by  selecting  the  wire  size  and 
number  of  secondary  turns  to  match  the  load  resistance.  Maximum 
utilization  of  the  coll  volume  space  will  result  in  a  higher 
efficiency. 

Unwanted  energy  pulses  will  occur  when  the  transformer  is 
vl)  excited,  (2)  de-exclted,  or  (3)  separated  while  residual  flux 
remains  in  the  core.  Consider  first  the  case  of  excitation. 

Energy  equal  to  that  stored  In  the  magnetic  circuit  must  be 
dissipated  In  the  resistance  of  the  primary  crll,  secondary  coll 
and  load.  In  the  case  of  de-excltatlon,  only  the  secondary  coll 
resistance  and  load  resistance  dissipate  the  stored  energy. 
Therefore  the  unwanted  energy  pulse  resulting  from  de-excitatlon 
Is  greater.  A  simple  method  of  reducing  the  voiwanted  energy  pulse 
resulting  from  de-excltation  Is  tc  connect  a  resistor  In  parallel 
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with  the  primary  coll  as  shov;n  in  Figure  3.  The  reduction,  while 
significant,  was  not  as  much  as  expected.  Output  pulses  due  to  ds- 
excitation  were  about  10  percent  higher  than  those  due  to  excita¬ 
tion.  The  test  fixture  did  not  lend  itself  to  a  measurement  of 
the  unwanted  output  pulse  caused  by  separation  while  residual 
flux  existed.  The  properties  of  the  core  material  and  the  use  of 
a  gap  should  hold  residual  flux  to  a  minimum,  but  further  investi¬ 
gation  is  warranted. 

Fifeure  8  is  a  plot  of  output  voltage  versus  time  for  (1)  a 
forced  separation  with  an  impact  velocity  of  feet  per  second 
and  an  excitation  of  32  milllamperes,  and  (2)  de-exoltstlon  from 
32  milllamperes.  A  ratio  of  the  energy  pulses  is  shovm  to  be  21:1. 
This  ratio  of  output  pulses  is  increased  if  the  core  gap  is 
decreased.  However,  if  the  gap  is  decreased,  a  larger  energy 
pulse  will  result  from  separation  as  a  result  of  residual  flux. 

A  compromise  between  the  lower  de-excitation  pulse  obtained  by 
decreasing  the  gap  and  the  resulting  larger  pulse  caused  by 
residual  flux  must  be  made. 

DSSION  PROBLEMS 

The  success  in  obtaining  maximum  energy  at  the  secondary  load 
terminal  with  minimum  energy  going  to  the  primary  coil  ia  due,  in 
part,  to  the  fact  that  the  primary  la  designed  for  maximum 
inductance.  Number  forty  wire  was  used  in  the  test  model.  Wire 
of  this  size  la  difficult  to  work  with.  Using  still  smaller  sites 
would  improve  performance.  Wafer-ooll  techniques  for  transformers 
^c...ference  (e))  may  well  be  the  answer. 


Conventional  winding  techniques  and  lead  attachment  methods 
were  very  costly  In  coll  space.  Methods  of  attaching  the  leads 
and  of  securing  the  coll  in  the  core  need  to  be  Improved  upon. 

CHARACTERISTICS  TO  INVESTIGATE 
There  are  several  performance  characteristics  about  which 
more  must  be  known  before  design  calculations  can  be  made  to 
adequately  predict  actual  performance.  Effects  of  shielding 
methods  on  the  efficiency  with  which  the  transformer  will  convert 
mechanical  energy  is  one  such  characteristic.  It  Is  a  basic 
premise  of  this  paper  that  complete  shielding  will  prevent  R? 
coupling  between  the  primary  and  secondary  colls  and  that  the 
solid  core  materials  together  with  the  very  high  Inductance  of 
the  pr’.iiary  will  result  In  a  very  minor  transformation  of  RP  to 
the  Secondary.  However,  there  are  several  methods  of  achieving 
these  goals.  Their  effects  on  performance  as  a  mechanical  pulse 
transformer  have  not  been  determined. 

Adjusting  load  resistance  to  achieve  maximum  output  Is  easy 
enough.  Selecting  seeordary  wire  site  and  the  number  of 
secondary  turns  to  obtain  maximum  output  with  a  apeolfled  load 
resistor  Is  another  matter.  A  theoretical  approach  Is  being 
developed. 

Minimum  travel  distance  of  the  core  and  coll  asambly  would 
facilitate  a  more  compact  unit.  Effecta  of  travel  dlatance  on 
power  output  have  not  been  determined. 

The  magnitude  of  residual  flux  and  the  corresponding  output 
pulse  caused  by  forced  separation  must  be  kept  to  a  minimum. 
Output  per  unit  voluae  can  be  Increased  If  the  gap  length  can  be 
reduced. 
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SUMMARY 


A  major  drawback  to  the  use  of  a  transformer  to  couple 
energy  to  an  EED  Is  its  efficiency  In  transforming  a  d.c.  firing 
pulse.  The  device  presented  In  this  paper  takes  advantage  of 
the  mechan’cal  energy  available  during  a  bomb  release.  For 
example,  1000  pounds  are  ejected  from  the  bomb  rack  at  better 
than  10  feet  per  second;  ample  energy  Is  thus  readily  available. 

Advantages  of  the  mechanical  pulse  transformer  concept,  if 
employed  in  a  fuze  bomb  system,  are  summarized  as  follows: 

1.  Complete  separation  of  aircraft  and  bomb  electrical 
sy  stems . 

2.  Complete  shielding  from  RF. 

3.  High  energy  availability  for  EED, 

4.  Dual  input  requirements  for  system  function. 
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APPENDIX  A 


DERIVATION  OP  VOLTAGE  AND  ENERGY  RELATIONS 
Albert  Freisnan 

U.  S.  Naval  Ordnance  Laboratory 
White  Oak,  Silver  Spring,  Maryland 


Assume  the  velocity  of  separation  of  the  mechanical  pulse  transformer 
is  a  constant,  v  ,  and  that  the  reluctance  of  the  air  hV?  where 

X  is  the  length  of  the  air  gap  caused  by  the  separation  and  k  is  a  constant. 
Since  X  =vt,  where  t  ■  tine, 

In  order  to  obtain  a  manageable  mathematical  equation,  assume  that  the 
reluctance  of  the  iron  structure  is  negligible  cos^ared  to  that  of  the  air 
gap,  and  that  the  primary  aagwre  turns  N^Xp  are  negligible  compared  to  that  pro> 
duced  by  the  induced  secondary  current  I,  flowing  through  the  H,  turns  of  the 
secondary  coll.  It  can  be  shown  that  this  is  essentially  tnw  for  the  najor 
portion  of  the  travel  distance  of  the  secondary  coll  structure. 

The  flux  9  set  up  at  any  time  t  corresponding  to  a  reluctance  R  , 
is  then  given  by 


But 


0  = 


N»  Is 

R(t) 


hVvl 


(1) 


(2) 
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where  Eg  is  the  voltage  Induced  in  the  secondary  by  the  decreasing  flux: 


Es--  -Ns 


and  R  . 3  the  total  resistance  of  the  secondary  circuit  and  is  the  sum  of 
the  seoondai7  winding  resistance  plus  that  of  the  connected  load, 
Substituting  equations  (2)  and  (3)  in  (l)  we  obtain 

(4) 

^  RKVvX 

The  variables,  t^  0  ,  can  be  separated  and  Integrated  to  yield 


109  =  - 


0*0 


m  £  ^  SNs*  / 


where  0n)  is  the  maxiotw  value  of  the  flux  Just  prior  to  the  separation  of 


the  mechanical  pulse  transformer. 
From  equation  (3}  ve  have 


and  since  t-  .  r  Rt 

E>.»ts  -j- 
- u, -  « 


ZRI.v" 

3N» 


where  ia  the  voltage  applied  to  the  load  oomeoted  to  the  seooodary  coil. 
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The  power  developed  in  Rj^  is  _ 


(8) 


and  the  energy 


24ii  /« 

Ns 


From  the  Integral  table  ve  have 


/: 


/Tn-t-O 

if  "■  (♦»+« 


-y» 


V*  Vs  &  ^ 

now  let  j  then  and  dt  ■  "3  ^ 


Substituting  the  equetions  for  y  in  equition  (9)  yleXAe 

^  N 

Jt 


Wl 


b  Ar»»v% 

/  2<&m  R,H 

^  \ 


<)t 


(10) 


fivaluating  eqwtlon  (lO)  by  the  foraule  given  in  the  integral  tablee 
we  have 


or 


Wl»  .4035 


.  */b 

^  Rth  V  Nb 

oVb 


(11) 


{9) 
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AFP£KDIX  B 


CALCULATION  OF  EQUATION  CONSTANI-S 


U.  S.  Naval  Ordnance  Laboratory 
White  Oak,  Silver  Spring,  Maryland 


The  equatlona  of  /Appendix  A  say  be  uaed  as  the  basis  for  calculating 
constants  which  represent  the  characteristics  of  the  aodel  aecbanical  pulse 
transformer.  The  derivations  of  Appendix  A  can  then  be  evaluated  in  terms 
of  the  assumptianaused.  Also,  the  test  results  tibtained  with  the  sxxSel  can 
be  extrapolated  to  predict  performance  beymd  the  test  paraaeters  chosen. 

Equation  (7)  is  rewritten  in  the  following  form 


0m  h  fft 
Ns 


€ 


The  values  of  h  and  are  coostaats  for  a  specific  transformer. 

The  values  of  and  0m  can  be  held  constant  for  a  specific  test  series. 
Therefore,  let 


^  Klee 


^  Ns 

(12) 

and 

II 

(13) 

Substituting  •quKtions  (12)  snd  (13)  in  equation  (7)  yields 


The  value  of  may  be  determined  by  taking  the  derivative  of  with 

respect  to  t  and  equating  the  derivative  to  zero. 


®L  max 


or 


-%-v^  •/, 

t=  a  V 


(15) 

(16) 


Substituting  equations  (1|;)  and  (l£)  in  equation  (Ik)  yields 

Qv^  -h 
Et  mdH  =  -uj^  £ 

"  Eu  max  =  ^  ^ 


(17) 

(18) 


A  test  series  was  cooduoted  holding  0m  oansteat.  A  slvle 
test  fixture  was  used  tor  dropping  a  19  pound  weight  a  pre-selected  dlstaaoe  8, 
see  Figure  (k).  At  the  end  of  the  travel  dlstaDee^  8,  the  weight  eagager  the 
secondary  core  and  coll  assembly  of  the  test  aodsl.  The  weight  and  core  and 
coil  assssibly  were  allowed  to  travel  a  distance  j,  3-lA  laches.  The  kinetic 
energy  of  the  wel|d>t  separated  the  nechanloel  pulse  tranafomMr.  While  this 
slsple  test  procedure  did  not  produce  a  constant  velocity  of  separation,  It  did 
yield  satisfactory  test  data  for  evaluating  the  perfonaanee  of  the  nodal  and 
provided  the  data  required  to  evaluate  the  equatlonaof  Appendix  A.  Table  X 
Is  a  sunaary  of  the  test  results. 
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The  values  of  Br  and  t  were  taken  from  a  scope  trace  of  and  t.  Velocity 

Li  DlaX 

of  separation  was  assumed  to  be  equal  to  the  Impact  velocity  of  the  weight. 

Table  1  values  were  first  substituted  In  equation  (18)  to  obtain  an  average 
value  for  (o/q).  An  average  for  q  was  obtained  by  substituting  in  equation  (16). 
Based  upon  these  calculations,  the  foUowlng  values  were  selected,  Q  «  70  &  qel792. 
With  these  values  for  Q  &  q  and  expressing  time  In  millisecond,  equations 


(l4),  (is),  (l6),  (17)  and  (18)  may  be  written  as 

Va  Vt  “  t 

Eu  =  2,214-  TJ-  t  €  voJts  (19; 

At  E,  ■t  *  4.27  V  ma  (20) 

u  InSX 

v*  77.85  t  '  ft/ sec.  (a) 

Vs 

El  mex  *  5.28  V  volts  (22) 


El  max  * 


t 


volts 


(23) 


A  similar  treatment  of  equation  (  8  )  yields 


Qvt  -  ' 

Pl”  —p  C  w/atts 

“l 

(24) 

r‘Q«vt 

Wl-J^  V  ^ 

(25) 

Vs 

.40A  O  V 

—  watt  -  seconds 

Ru*!) 

(26) 
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908,000  '/» 

Wl  =  - ^ -  V 


(2T) 


'/j 


Wl  =  174,000  v 


(28) 


Figure  9  presents  equations  (19)  through  (23)  in  graphic  fora.  The  8trai.ght 
line  is  a  plot  of  E^max  specific  velocities  and  the  corresponding  tlae  at  vhlch 

peak  load  voltage  occurs.  The  curved  lines  ant  a  plot  of  load  voltage  as  a  function 
of  time.  The  Intersection  of  the  straight  line  and  the  curves  identifies  the 
velocity  of  separation  and  naxiaun  load  voltage.  It  should  be  noted  that  these 
curves  represent  a  specific  transfonaer  for  vhlch  excitation  current  and  load 
resistance  are  held  constant. 

Figure  10  is  presented  to  con^are  the  test  values  of  the  aodel  taken  froa 
an  oscilloscope  trace  vlth  calculated  values  froa  equations  (19)  through  (23). 
Maxiain  voltage  is  identified  for  tests  (2)>  (3)  and  (5).  ISm  coi^lete  curve 
is  shown  for  tests  (1)  and  (b).  nw  dash  curve  is  a  calculated  curve  added  to 
aid  in  the  cooparlson. 


Table  1, 

TEST  RESULTS 

Test 

Number 

Drop 

Distance 

S 

lapact 

Velocity 

V 

\  MX 

t 

MX 

1 

0.3  Inches 

1.64  ft/aec 

3.70  volts 

3.7  M 

5.22  ohM 

2 

1.0 

2.32 

4.24 

3.5 

5.22 

3 

2.0 

3.23 

4.60 

3.0 

5.22 

4 

4.0 

4.63 

5.40 

2.5 

5.22 

5 

8.0 

6.55 

5.85 

1.85 

5.22 
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23.  RF  SENSITIVITY  OF  CONTROLLED  RECTIFIERS 


Author:  Richard  J.  Sanford 
U.  S.  Naval  Ordnance  Laboratory 

INTRODUCTION 

The  controlled  rectifier,  also  known  as  the  controlled 
switch  or  pnpn  switch,  is  a  semiconductor  device  which 
closes  an  electrical  connection  between  its  anode  and  cathode 
when  a  suitable  electrical  signal  is  applied  between  gate  and 
cathode.  This  connection  remains  closed  as  long  as  a  current 
passes  through  it,  whether  the  gate  signal  remains  or  not. 

STRUCTURE  AND  OPERATION 

The  heart  of  a  silicon  controlled  rectifier  is  a  single 
crystal  of  very  pure  silicon  consisting  of  four  alternating 
layers  of  p-  and  n-  type  material,  which  form  three  inter¬ 
acting  p-n  junctions.  From  bottom  to  top  of  Figure  1,  these 
are  the  emitter  or  cathode  Junction,  the  collector  Junction, 
and  the  conjugate  emitter  or  anode  Junction.  The  lower  two 
Junctions  form,  in  effect,  a  high  gain  n-p-n  transistor,  and 
the  upper  two  Junctions  form  a  low  gain  p-n-p  transistor, 
both  transistors  using  the  same  collector.  The  «  of  each 
transistor  increases  with  collector  current  at  low  currents. 
Since  the  transistors  are  connected  for  position  feedback, 
the  device  switches  "on"  when  the  collector  current  rises 
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to  such  a  value  that  the  sum  of  the  «'s  exceed  unity.  A  for¬ 
ward  voltage  of  about  ii  volt  must  be  placed  across  the  emitter 
junction  to  raise  the  collector  current  to  this  value,  and  so 
any  signal,  DC  or  RF,  which  can  raise  the  gate  voltage  to  this 
level  can  fire  the  switch, 

GATE  RF  SENSITIVITY 

A  controlled  rectifier  has  some  inherent  protection 
against  RF  signals  Introduced  at  its  gate  lead.  The  capac¬ 
itance  of  its  emitter  junction  combines  with  the  resistance 
around  the  gate  contact  to  form  a  simple  RC  filter  which 
attenuates  the  RF.  The  action  of  this  filter  decreases  the 
sensitivity  of  the  switch  as  the  frequency  of  the  gate  signal 
is  Increased,  as  is  shown  in  Figure  2,  for  two  pnpn  switches. 
Figure  3  shows  a  simplified  diagram  of  the  test  circuit  used. 
Moreover,  the  controlled  rectifier  can  "remember”  whether  it 
is  "on"  or  "off**  only  so  long  as  DC  is  applied  to  the  anode. 
Since  these  switches  are  not  damaged  by  gate  powers  much 
higher  than  those  required  to  fire  them,  the  controlled 
rectifiers  in  an  unarmed  weapon  may  be  subjected  to  large  RF 
signals  and  still  operate  satisfactorily  at  some  later  time. 
This  contrasts  sharply  with  the  explosive  switch  which,  once 
fired,  cannot  be  reset. 

ANODE  RF  SENSITIVITY 

Normal 

Controlled  rectifiers  can  also  be  fired  by  spurious  RF 
applied  between  anode  and  cathode.  In  this  case,  the  RF 
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voltage  is  divided  between  the  reactance  of  the  anode 
capacitance  and  the  impedance  across  the  emitter  junction. 

Figure  4  shows  that  a  controlled  rectifier  can  be  fired  by 
progressively  lower  RF  voltages  as  the  frequency  increases. 
Moreover,  the  anode  capacitance  of  the  switch  (30  pf  for  the 
2N1882)  allows  even  an  unfired  unit  to  pass  appreciable 
current  at  the  higher  frequencies.  Figure  5  shows  the  circuit 
used  in  this  test  and  the  two  to  follow. 

Two  Methods  of  Protection 

The  voltage  divider  model  of  the  pnpn  switch  suggests 
two  methods  of  protection  against  RF  which  inadvertently 
reaches  the  anode.  One  method  is  to  apply  a  reverse  bias 
to  the  gate,  so  that  a  larger  voltage  swing  must  be  produced 
at  the  emitter  if  the  RF  is  to  fire  the  switch.  Figure  6  shows 
that  this  method  is  effective  at  all  frequencies  tested,  A 
simpler  method  is  to  place  a  capacitor  between  gate  and  cathode. 
This  capacitor  acts  as  a  low  Impedance  shunt  path  to  reduce 
the  voltage  across  the  emitter.  Figure  7  shows  the  effect  of 
the  gate  capacitor.  It  provides  effective  anode  protection  at 
the  lower  radio  frequencies,  but  the  gate  resistance  of  the 
switch  limits  the  usefulness  of  the  capacitor  at  higher 
frequencies. 

PROTECTION  FOR  EED'S 

<^'if<?uit 

One  possible  application  of  the  silicon  controlled 
rectifier  is  as  a  low  pass  filter  to  protect  the  bridge  wire 
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of  an  electro-explosive  device  from  low  frequency  radio  signals. 
At  low  radio  frequencies  such  as  150  KC,  conventional  LC 
filters  tend  either  to  be  physically  bulky  or  to  have 
prohibitively  '^igh  series  resistances.  The  circuit  of  Figure  8 
was  designed  to  protect  bridge  wire  devices  against  32  volt 
RMS  signals  between  100  KC  and  30  MC.  The  low  frequency 
protection  is  provided  entirely  by  the  circuitry  to  the  right 
of  the  dashed  line.  The  gate  capacitor  enables  the  controlled 
switch  anode  to  withstand  32  volt  RMS  signals  up  to  about  3  MC. 
The  gate  is  isolated  from  the  RF  input  by  an  RC  filter.  The 
circuitry  to  the  left  of  the  line  is  a  rudimentary  LC  filter 
to  provide  protection  at  higher  frequencies.  Its  effectiveness 
is  limited  by  the  shunt  capacitance  of  the  particular  choke  used. 
A  more  appropriate  conventional  filter  can  extend  the  protection 
to  much  higher  frequencies. 

Response 

Figure  9  shows  the  measured  audio-frequency  response  of 
the  model  that  was  built.  The  model  begins  to  protect  against 
32  volt  RMS  (45  volt  amplitude)  signal »hout  20  KC. 

Figure  10  shows  the  model  switch  protector  with  an 
explosive  switch  and  a  copper  shield.  The  model,  which  uses 
only  conventional  components,  is  built  into  a  luclte  cube  inch 
on  a  side.  At  the  bottom  the  protector,  switch  and  shield 
are  shown  assembled. 
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The  RF  gate  voltage  to  fire  a  pnpn  switch  increases 
monotcnically  withfrequency. 

A  fired  pnpn  switch  may  be  reset  and  reused. 

The  RF  anode  voltage  to  fire  a  pnpn  switch  decreases  with 
frequency. 

Some  anode  protection  can  be  obtained  by  use  of  reverse 
gate  bias  or  a  gate  capacitor. 

The  pnpn  switch  may  prove  useful  in  protecting  electro¬ 
explosive  devices  against  low-frequency  radio  signals. 
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23.  DISCUSSION 


Mr.  Sanders  asked  for  the  DC  current  rating  on  the  device  and 
the  normal  operating  voltage.  Mr.  Sanford  gave  the  rating  at  300  milli” 
amperes  vdth  much  higher  pulsed  rating.  Where  one  shot  only  is  required, 
up  to  5  amperes  can  be  used.  Ihe  lead  wire  length  will  affect  the  voltage 
rating. 

It  was  pointed  out  that  power  inpul^from  an  .IF  stcrdpoint,  is 
more  tinily  indicative  of  perfomance  than  voltage  ratios.  The  quasi-dc 
analysis  showing  protection  is  not  necessarily  an  effective  one  for  RF. 

Mr.  Sanford  answered  that  the  need  for  proper  RF  design  is  obvious  and 
that  assembly  of  the  physical  circuit  must  be  such  as  to  eliminate  RF. 

A  comment  was  that  the  device  does  not  naturally  lend  itself  to 
HF  protection  because  all  of  the  leads  come  out  of  the  same  end. 

Mr.  Sanford  replied  that  he  expected  no  problem  at  oosmunioation  frequencies. 
At  higher  frequencies,  a  voice  replied,  there  will  be  resonance:'  and  cross 
bands.  This  effect  may  cause  the  curve  to  cone  down  again.  Mr.  Sarford 
conmented  that  this  device  was  not  intended  to  cover  the  entire  eioct^'o- 
magnetic  spectnmt. 

Coiments  were  ntade  that  some  of  these  land  thciuelves  to  coaxial 
configurations  and  can  be  sealed  ccnpletely  in  a  metal  can.  A  bridgewlre 
is  located  across  the  anode  encased  in  a  metal  shield.  This  is  veqr 
similar  to  the  General  Electric  silicon  controlled  rectifier.  These  can 
be  purchased  in  various  voltage  ratings  and  in  current  ratings  up  to  1CX> 
snares. 

There  was  a  question  concnming  series  inductance  in  the  ii^t 
circuit  in  regard  to  the  possibility  of  resonances  that  could  be  created. 

No  infonaation  was  available  on  this. 

A  ocenent  from  a  representative  of  Douglas  Aircraft  was  that 
RF  susceptibility  tests  were  run  on  control  rectifier  firing  circuits. 

With  a  low'-power  signal  generator  in  a  screen  room  it  was  possible  to 
trigger  Uie  control  rectifier  consistently  at  frequencies  up  to  2.$  He. 
Filtering  eliminated  the  problem  but  it  is  worth  noting  that  the  basic 
un).t  is  susceptible  to  RF  at  low  frequencies. 


23-7 


Mr.  Sanford  conmented  that  he  had  made  similar  measurements, 
but  by  measuring  current  Into  a  known  input  impedance.  This  technique 
permits  the  actual  power  to  be  deduced.  A  nusiber  of  resonances  occur 
however,  even  with  these  dips,  the  device  still  provides  good  RF  protection 
over  a  frequency  range  from  10  KC  to  400  Me. 
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24.  Skin  Effect  Filter-Attenuator  for  Eleetroexplosive  Device  H.  B.  Warner 
RF  Protection  R.  H.  Klamt 

An  integral  RF  filter-attenuator  utilizing  the  high  skin  effect  resistance 
of  a  miniaturized  TWINAX  shielded  conductor  has  been  provided  for  rocket  , 
motor  initiators.  Small  size  and  extremely  broad  band  attenuation  regardless 
of  source  reactance  characterize  this  unique  approach  to  increased  RF  and  , 
electrostatic  safety. 


25.  Development  of  RFI  Shielded  Connectors  W.  J.  Mashek 

» 

The  feasibility  of  achieving  the  Navy’s  requirements  for  a  multi-conductor 
RFI  shielded  cable  connector  suitable  for  use  in  missile  firing  circuits  and 
electrically  detonated  ordnance  has  been  verified  by  designing,  constructing, 
and  testing  connector  prototypes. 


26.  Two-Conductor  Low-Pass  Tranamission  Line  Theory  H.  G.  Tobin, 

L.  J.  Greenstein, 
R.  J.  Arndt, 
E.  W.  Weber 

The  use  of  attenuating,  lovr-pass  transmission  lines  to  limit  the  propagation 
of  RF  energy  to  an  EED  is  considered.  Such  a  line  would  provide  little  or  no 
attenuation  to  the  desired  firing  signal  but  would  filter  higher  frequencies  . 
which  are  induced  when  the  cable  is  placed  in  a  high  level  electromagnetic 
field  environment.  The  presentation  is  divided  into  three  main  areas.  The 
first  is  a  theoretical  study  of  various  transmission  line  configurations  in 
order  to  determine  the  optimum  filter  effects  which  can  be  obtained.  The 
second  area  considers  the  practical  aspects  of  material  availability  and 
fabrication  of  the  selected  lines.  The  final  portion  of  the  paper  outlines 
the  measurement  techniques  and  uhe  response  characteristics  obtained  from 
both  laboratory  and  commercial  models  of  attenuating  lines.  * 


28.  High  Voltage  Hybrid  Initiators  Leonard  Kate 

The  effort  to  produce  electroexplosive  devices  which  will  be  safe  versus  the 
increasing  RF  fields,  strong  stray  signals  and  other  electrical  hazards,  has 
resulted  in  a  new  family  ~  the  high  voltage,  hybrid  initiator.  The  hybrid 
initiator  combines  high  voltage  no-fire  characteristics  with  the  conventional 
1  anp,  1  watt  no-fire  bridgowire,  resulting  in  an  exceptionally  safe,  though 
simply  fired,  initiator.  The  characteristics  and  advantages  are  described. 
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29.  Development  of  RF  Protected  Electroexoloslve  Devices  Frederick  M.  Correll 


In  order  to  alleviate  the  possibility  of  premature  initiation  or  change  in 
sensitivity  of  initiators  due  to  RF  energy,  the  Army  has  endeavored  to  make 
all  of  its  initiators  "RF  Proof".  To  date,  the  T24E1,  M36AI,  T20E1,  T?? 
detonators;  M2  squib,  and  M6  blasting  cap  have  been  provided  with  RF  attenuators. 


30.  The  Lossy  Filter  and  Its  Application  to  Protection  Merrill  0.  Murphy 

of  Electromagnetic  Radiation  Sensitive  Ordnance  Devices 

The  problems  of  filter  applications  and  design  criteria  in  ordnance  are 
discussed  briefly.  The  design  features  of  a  lossy  filter,  useful  from  200 
kilocycles  upward,  is  described  together  with  test  results  and  test  methods. 


31.  A  Miniature  Filter  for  Souib  Protection  J.  L.  Hinds,  Jr. 

Si7,e  reduction  and  impedance  matching  were  problems  in  the  design  of  TT-Sectlon 
RF  filter,  to  fit  a  limited  space,  2  inches  by  11/32  inch.  The  use  of 
tantalum  feed-thru  capacitors  and  ferrite  toroids  led  to  a  solution  v;hieh, 
which  not  the  -altimate,  is  entirely  practical  within  certain  limits,  and  is 
inexpensive . 


32.  Development  of  broadband  Electromagnetic  Robert  W.  Wood 

Absorbers  for  Electroexplosive  Devices  Daniel  J.  Mullen,  Jr. 

Ferrite  materials  can  attenuate  RF  energy,  ranging  from  3  db/cm  at  1  Me  to 
iOO-150  db/cm  at  100  Me.  Problems  of  low  resistivity  and  poor  machinability 
are  probably  no.t  insurmountable.  Equations  relating  attenuation  to  material 
parameters  have  been  developed;  they  will  result  in  improved  materials.  Use 
can  bo  made  of  certain  other  materials  having  very  high  dielectric  constants 
to  improve  both  insulation  and  attenuation. 


33*  An  Inductively  Coupled  Filter  Providing  Complete  Dale  G.  Holinbeck 

RF  Shielding  of  an  EED 

A  filter  is  described  based  upon  protecting  an  EED  from  RF  hazards  by 
coti^letely  enclosing  it  within  a  metallic  shield  tliat  has  no  openings  or 
leads  passing  through.  Intentional  firing  is  accomplished  by  inductive 
coupling  through  the  shield.  Experimental  power  attenuation  vs.  frequency 
curves  and  the  delivered  intentional  firing  energy  of  a  filter  of  practical 
size  and  weight  are  presented. 
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Douglu  Aircraft  Co.,  Inc. 
Sent*  McDlea,  CcllforBlc 


1.  IBCTOPPCnoil 


PlcemcloB  of  the  Prpbli 

there  Is,  St  this  tiae,  e  weapon  systaa  under  devel^Mnt  that  askes  use 
of  radars  aore  powerful  than  snp  used  in  previous  systaas.  larly  In  this 
prosrsa  It  heesae  evident  that  the  extreae  XT  aavlroaasnts  Induced  by 
the  alsslle  systen  radars  as  well  as  hy  raaps  RP  s«ulpneats  at  the  various 
K  and  B  laun^  sites  would  cause  severe  hasards  to  the  alsslle  electro* 
explosive  systaas.  there  has  been  ooMlderahle  effort  expended  to  define 
the  nature  and  degree  of  these  hasards. 

After  the  real  and  potential  envlronaente  were  defined,  analyses  were 
peiforaed  to  detendne  the  Halts  of  the  cowling  oharaoterlstlos  of  the 
Initiator  circuits.  Cf  course,  the  ultraoonservatlve  approach  of  assualng 
the  terainals  of  the  electroexploslve  to  bo  a  resonant  dipole  showed 
la  alaoet  every  condition  of  laportance  that  the  eleotroewloelveo  would 
be  Initiated.  Zt  was  obvious  that  a  aore  exact  study  was  needed. 
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Approach  to  Solution 


AsaXyaia  tecbnlquea  utilitiog  coaputar  natboda  vara  davalopad  for  calculating 
coupling  charaetarlatlea  of  tha  aavaral  alactroa^loalva  clrculta.  Other, 
more  reallatle  llnlta  vara  aatahllahad  aa  to  tha  antanna  charaetarlatlea 
that  Bight  axlat.  It  waa  found  that  aaong  tha  antanna  nodala  that  beat 
daacrlbad  tha  axlatlng  easaa  vara  tha  vhlp,  loop,  dlpula,  srd  tvo-vlra 
nodala.  Raallatle  aatlaataa  vara  nada  of  tha  antanna 'load  Upadanea  nla* 
natchaa.  Ixtenalva  Invaatlgatlon  ahoved  that  uaa  of  tbaaa  conflguratlona 
vaa  raallatle,  yat  eonaarvatlva  ttom  tha  ataalpolnt  of  aafaty-  Additionally, 
a  atudy  vaa  nada  of  tha  Initiator  raaponaa  to  pulaaa,  and  pulaa  tralna, 
aa  vail  aa  avaraga  povar.  Aa  a  raault  of  thaaa  atudlaa  a  ratulranant  vaa 
eraatad-for  tha  Inelualon  of  W  protactlYa  aystaaa. 

Tha  folloving  ground  rulaa  vara  aatabllahad  partalnlng  to  the  davalopaant 
of  ai^  nr  protaetlva  ayatan  to  ha  uaad: 

1.  Ona  yaar  land  tlna  allottad. 

2.  do  aa^or  ehangea  allovad  to  tha  nlaaila  or  gronad  povar  ayataaa. 

3<  NlnlBUB  ehangaa  allovad  to  cbaehout  a^paant. 

k.  yrotactlva  ayataa  to  provide  protaatlon  ragardlaaa  of  voltage 
aourca  raaetanea. 

Iha  ayataa  auat  be  ooapaet,  light,  alapla,  and  auat  exhibit  apparent 
reliability. 

6.  Zt  ahould  provide  protaetloa  over  a  frevtaacy  range  of  $00  ke/a 
to  10  O/ca . 


Method  of  Solution 


Rtlationehlps  betvMn  pover  tr«uf*r  fro*  antomiM  aad  varloui  loos  sod 
oatchlDf;  MchsnisM  suggsttsd  fundsMntsls  tor  s  spsclal  puzpoo*  Insertion 
lots  device.  After  s  short  study  to  support  the  feeslhlllty  of  eueh  s 
device,  s  potent  disclosure  vss  node  ot  Oouglos. 

A  controet  vos  sworded  to  Oenerol  Lehorotozy  Aesoelotee  In  Konrleh,  Heir 
fork  for  the  developnent  of  the  Insertion  loss  dsvlee  (fllter-ottenustor) 
vho  In  turn  smrded  o  s«i^«ontroet  to  rrsnklln  Institute  for  teetlns  of  the 
device  during  developnent. 

2.  sea  maa  Buriat  awaomai 


Orlentotlon 

Hock  sehssntles  of  the  wlginsl  end  nodtfled  systens  ere  shoen  In  flgnre  1. 
She  oriclnel  (uavrotectod)  systen  ooeslsted  of  e  poser  supply,  eurrsdt 
llnltlsf  reslstenoe,  ssltAlsg  provision  end  Inltletor.  Bw  nediflsd  systen 
differs  hy  the  Insertion  of  the  fUter-etteeuetor  la  front  of  the  In^^letor 
hrldgevlro.  the  nodiflsd  systen  eontelne  the  sene  Itnitini  resleteaee  to 
dlroet  eurrent  no  the  orlglael,  hut  this  reeisteace  Is  nos  loceted  la  the 
filter -ettenueter • 

theory  of  OPeretlon 

Vhen  e  firing  elreult  ouch  os  this  nets  as  ea  enteaaa,  it  sill  hnve  e  ehnree* 
terlstle  oouroe  lipedenee  detemlaod  hy  assy  faetero  sneag  shlA  ere  eea* 
ponoat  end  elreult  gsiastry.  lohsaetiee  sith  thooe  persaeters  represented 
ere  shosa  la  flipire  2. 
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lb*  IntertloD  loti  of  i  device  pieced  between  an  antenna  and  load  will  differ 
at  varloui  frequenelei  because  of  frequency  dependent  antenna  charaetcrlitics . 
She  standard  50  oba  pad  insertion  loss  testa  that  are  so  useful  for  noat 
applications  In  iditeb  fixed  ii^edaneea  are  Involved  will  not  give  a  true 
indication  of  perfomance  under  these  varying  fre^teney  conditions. 

She  upper  linit  of  the  source  resiatanee  chanteteristie  is  very  isportant 
>SMd  fortunately  fairly  easy  to  sstlaata.  this  ebaraataristie,  known  as  the 
radiation  resistaneOf  is  fixed  ^  the  length  of  the  circuit  in  wavaleacths. 

At  low  fraquaney  it  will  be  very  ssmiII,  but  it  nay  bo  v>ito  largo  at  higher 
frequancies.  These  facta  have  sigaificaBca  gewaaa  to  the  adequacy  of 
protection  by  voltage  division,  which  will  bo  diaeusaod  later. 

In  view  of  the  wide  raaga  of  significant  variahloa,  it  ia  not  possible  to 
dafina  the  source  reactaaoa  characteristics  of  a  eirenit  acting  as  an  aatenca 
inaido  a  nlaaila.  Consaqnantly  the  iaoortion  loss  davloo  for  broad  band 
oovoraga  nost  be  affective  ragardlsaa  of  ooeroe  reactance.  She  sii^le  ex* 
padiaata  of  adding  large  indnotors,  byposa  eagaoitoro,  or  other  devicee 
aob>ot  to  reooaant  effecta  are  not  acosptable. 

She  fnadsMatala  of  the  nothod  by  whioh  the  devioa  providaa  the  naoeaaary 
loss  oan  now  be  eivlaiaad.  The  basie  nenhaalse  egpleited  is  the  increasa 
of  reoistanoo  by  virtne  of  skin  effect.  Along  with  this,  other  faatnreo 
that  ooatribnt*  to  transnisaioa  line  att  sanation  hare  been  ■Oadial  ia  the 
dasi^. 
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fhtftrrlng  again  to  flguura  2  It  can  ba  aaaa  that  aa  long  aa  aourca  raalatanea 
la  aufflelantly  anal!  and  tha  Uniting  raalatanea  larga  eonparad  to  tba 
brldgawlro  raalataaea»  a  voltage  dlvlalon  of  tda  ^llad  potential  will 
raault  lAleii  la  proportional  to  tha  ratio  of  tha  raalatanea  of  the  Initiator 
to  that  of  tha  Halting  raalatanea.  Xy  ualng  wire  for  tha  Halting  realataneaa 
that  baa  a  high  aagaatle  paneablllty,  or  wire  adequately  eoated  with  audi 
a  naterlal,  the  reaiataaee  and  therefore  the  voltage  dlvlalon  will  he  greater 
at  radio  freqoenelea  than  in  the  SC  eaae. 

Another  henef  it  aeeiaed  hgr  thla  aethod  of  proteetloa  la  that  total  power 
diaalpeted  In  the  ayataa  la  rednoed,  and  therefore  leaa  heat  aoet  be  traaa* 
ferrad  away  froa  the  eaploelve.  Fbr  a  alagle  loop  elrenlt  an  dlaeueaedt  the 
power  diaalpeted  la  Isverealy  proportional  to  reelatanee .  If  loop  reaiataaee 
la  Increaaed  by  a  feetor  it  VSO,  total  diaalpeted  heat  la  reduead  by  the 
aaae  factor. 

Ihe  iil#i  dlatrlbeted  reelatanee  eahlblted  at  hl|^  freteenelea  elan  eentrtbntea 
lU)  lilW  Of  iMd  r9$l9tM09|  lA 

feet  la  preaent  even  atepan  elreelt.  Other  ehameterlatlca  lovelved 
la  trenanlealen  line  atteoaetleo  are  dlatrlbeted  capaeltanee,  dlatrlbeted 
ladeetanee^  and  loan  factor  of  the  dleleetrle.  tha  epper  dlagnaa  la  flgne 
3  groaaly  lllaatratee  the  elreelatlag  eeneata,  and  raeeltant  voltage 
dlatrlbntloa  that  play  a  part  la  the  attaneaUng  prr^oaoe.  At  a  hl|^  eneeji 
fieqnaaey,  Haa  attanwtlea  alone  eoeU  give  the  laeartloa  loan  needed 
ra^urdleaa  of  oeereo  and  load  Upedanee. 
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Actually,  ty  designing  the  line  for  asxlBua  sttenustlon  m  well  as  skin 
effect,  both  mechanlsns  can  he  utilised  as  is  depicted  in  the  loaded  circuit. 
By  packaging  a  sufficient  leisgtb  of  a  lossy  two  wire  transmission  line  with¬ 
in  a  shield,  it  can  he  used  for  high  attenuation  of  conducted  energy. 

Design 

An  LCB  filtar  is  often  designed  to  function  in  the  saM  manner  as  discussed 
above  and  by  adding  lusved  capacitors  across  the  load,  the  effects  already 
described  are  more  pronounced.  It  would  seem  proper  to  call  ouch  an  ar- 
rangsaent  a  skin  effect  ICB  filter,  and  it  turns  out  to  be  a  very  effective 
broad  band  filter-attenuator  for  radio  frequencies.  Ibis  scheme  is  depicted 
in  figure  t.  There  are  two  sections  of  the  balanced  pair  line  previously 
described,  a  capacitor,  and  two  triaging  resistors  added  to  the  bridgewire 
circuit  with  a  continuous  shield  applied  along  the  length  of  the  wire  as 
shown  in  figure  6.  The  trinaing  resistance  is  a  necessary  evil  peculiar 
to  this  one  appl-iwatian  to  provide  the  exact  proper  DC  resistance.  The 
opamtien  is  analogous  to  a  series  of  Uai  filters. 

The  features  that  contribute  tost  to  the  effectiveness  of  the  device  aay 
be  suaaarised  as  follows: 

1.  The  oontactors  are  a  balanced  pair  coated  with  a  layer  of  high 
peraeability  naterlal  to  aaxiaise  skin  effect  and  inductance. 

8.  the  eoadttctors  are  closely  spaced  for  BaxlgNcn  capacitive  coupling. 

3'  The  input  is  adequately  isolated  froo  the  output  ty  tne  outer 
sheath  of  the  cable. 
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4 .  A  fMd-throueb  capacitor  la  added  vb«ra  it  doaa  tlw  mat  good; 
that  la,  about  two  thirds  of  tba  way  down  tha  Ilna. 

Aa  produced,  tha  antlra  flltar/aqulh  aaaaidtly  nay  ha  pleturad  aa  ahowa  la 
figure  5.  nia  aaaaahly  cosalata  of  two  principal  alanaata,  tha  aqplh  and 
the  filter,  lha  squiba  are  aaaantlally  tha  aaaa  aa  thoaa  uaad  on  tha  ear  liar 
flrlnga  of  thla  alaalla  ayataa.  Bowever,  tha  conaactor  portion  waa  radaalgaad 
to  accept  tha  anting  conaactor  of  tha  filter,  tha  Joining  of  tha  filter  and 
agulh  la  aecoagUahad  by  a  allp  fit  and  f laal  faataalag  la  doaa  by  a  3^ 
dagma  aoft  aoldar  Joint.  Sm  eoaaector  la  a  ataadard  Bandlx  alx  pin  ra- 
e^tacla  aoft  aoldarad  to  tba  oaaa. 

tha  loaay  tranaalaalea  line  la  tha  heart  of  tha  filter.  A  eroaa  aaetloa 
of  it  la  ahowa  la  figure  7*  the  line  la  a  two  euaduator  ahlaldad  cable, 
the  outer  ahaath  la  nada  of  50  par  eaat  nlakal  •  50  par  aaat  Iron  allogr 
and  la  about  O.063  ladi  la  dlaaatar.  laoh  ef  tha  ooadaetora  la  alao  ahaathat 
in  tha  aaiN  aatarlal  hut  baa  a  ooia  ef  ooppar.  tta  ooadaetora  art  O.OU 
inch  la  dlaaatar  aad  haara  a  oaatar  to  caatar  aaparatioa  of  aeaa  0.019  iaeh. 
tha  dlalaetrle  la  aagaaala  (aagnaalaa  edde) .  tha  taabalgaa  for  draaflag 
alallar  alalatarlaad  eahla  waa  orlgtaally  dawalapad  for  high  taaparatiiia 
tharaoooapla  wlra.  lowawar,  thaaa  alchal  Iron  aUoya  had  not  been  uaad 
hafora.  tha  total  laagth  of  twlaaa  eahla  uaad  oa  thla  filter  la  approxlaataly 
13  faat. 

>gg»eMa 

lh»atoua  taata  hara  haan  ooahaetad  to  aatahllah  tha  patforaaaea  ht  the  dawlaa* 
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1b  start  with,  tests  reveal  that  the  traasoission  line  has  the  folloving 
characteristics . 


«DC  ■  •333  ohn/loop-foot 

R  at  500  kc/*  ■  11  ohas/lo^-foot  prefer  to  figure  8) 

C  «  70  pf/foot 

Mdltloaal  analytic  studies  have  given  the  following  eharaeterlstlcs: 

L  at  500  kc/s  m  k  nleiohenrles/loop-foot 
Transnlaalon  line  attenuation  at  500  ke/a  ■  0.37  dh/foot 
Transnlaelon  line  attenuation  at  10  Ne/a  -  3-5  dh/foot 

At  about  20  Ne/a  tha  thirteen  feet  of  the  wire  aa  uaad  la  the  device  provide 
60  db  of  attenuation. 

To  eatabllah  the  inaertlon  loaa  of  the  entire  device  a  rlgoroua  teat  procedure 
wM  apeclfled.  One  puipoae  «aa  to  aaaure  that  ade^iete  protection  weald  be 
available  under  any  and  all  courca  reactance  condltlona.  Another  porpoae 
waa  to  uae  a  aource  that  aore  reallatleally  alnulated  the  aouroe  realataaea 
of  the  circuit-antenna.  Since  line  attenuation  alone  aaceada  60  db  at 
frevanclea  of  90  Mc/s  and  higher,  for  thaae  higher  fraquanelea  the  protection 
la  available  ragardleaa  of  aouroe  realataaee.  Zt  la  known  fron  prevloua 
atudlea  that  the  radiation  reelatance  of  the  circuit  could  never  be  greater 
than  a  ehna  at  frequenclea  lower  than  100  Ne/e  ao  the  teat  ganaratore  ware 
■odlfled  accordingly.  The  reeulta  obtained  ware  caoaerratlve  becaoae  with 
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«ny  twiree  resistance  less  than  2  ohms,  the  loss  will  he  greater.  In  field 
use  the  device  will  always  have  a»re  Insertion  loss  than  that  oeasured  In 
the  tests.  Ibe  tests  were  conducted  by  the  frsnklln  Institute  and  a  graphical 
resuM  Is  given  In  figure  9.  Ihe  fllter>attenuate(rs  provide  an  Insertion 
loss  greater  than  60  db  for  all  frequencies  above  1  Mc/s.  The  original 
design  objective  of  60  db  down  to  900  kc/s  Is  not  realised  on  all  filters, 
but  the  loss  always  exceeds  50  db,  and  since  there  was  a  liberal  pad  at 
this  extrsM  of  the  frequency  span,  $0  db  Is  aeceptsble.  It  Is  apparent 
that  the  actual  Insertion  loss  exceeds  the  Halts  of  the  aeasurlng  eqqiP' 

Rent  at  all  frequencies  greater  than  3  Ne/s.  The  device  provides  this 
Insertion  loss  even  after  being  subjected  to  full  enviroaantal  testing. 

Other  eharaeterlstlcs  of  the  device  have  been  esthbllehed  by  f  .:Arther  tests 
at  Oeneral  laboratory  Associates  and  Douglas.  A  no^r  of  squlb-fllter 
units  were  subjected  to  a  cv-flre  test  at  various  radio  frequencies  the 
lowest  of  lAleh  was  2  In  this  test,  potentials  of  ipproxlaately 

100  volts  were  applied  directly  to  the  units  for  a  30  second  period.  Ibis 
Is  a  tiae  duration  larger  by  a  factor  of  1000  than  the  device  will  ever 
ejverlence  a  potential  of  this  Ih  the  field,  loae  of  the  squibs 

fired  and  la  later  firing  tests  It  was  found  that  the  shape  and  asvlltude 
of  the  pressure  output  curves  was  not  affected  by  the  tests. 

laturally  heat  Is  dissipated  la  the  device.  In  tests  to  establish  the 
failure  Halts,  potentials  of  approxiaately  200  volts  were  applied  at  2 
Ns/s  until  failure.  Pbllure  by  open  circuit  occurred  la  the  two  units 
so  tested  after  approxiaately  two  alnutss.  A  picture  of  mm  of  these  units 
Is  shown  In  figure  10.  Ihe  soldered  end  near  the  connector  was  aelted. 
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and  the  connector  vae  pushed  out  by  thermal  ejqpanslon  of  the  potting  material. 
The  squibs  did  not  fire,  but  did  fire  In  a  later  firing  test  when  subjected 
to  DC  Inputs. 

It  Is  not  hard  to  imagine  what  happens  lAen  a  static  electric  source  is 
discharged  Into  the  filtered  squib.  Theoretically  most  of  the  energy  should 
be  dissipated  In  a  rli^lng  action  in  the  first  loop  of  the  filter  •attenuator. 
This  is  pictured  In  figure  11.  The  current  In  the  first  loop  alternates 
at  a  high  frequency  after  a  static  source  Is  applisd,  and  only  a  small  eur> 
rent  Is  present  in  the  brldgewlre  lo^.  Tests  with  $00  pf  capacitors  charged 
to  SOOO  volts  revsal  that  the  energy  delivered  to  the  brldgewlre  during 
the  heating  portion  of  discharge  is  less  by  a  factor  of  10,000  than  that 
which  would  be  delivered  without  the  filter -attenuator.  Since  the  bridge - 
wire  temperature  rise  for  inputs  of  such  short  duration  Is  proportional  to 
snsrg}'.  tP-  sianlfleance  is  obvious. 

Another  test  was  performed  to  show  that  with  a  step  laput  of  a  DC  poteatial> 
the  voltage  at  the  load  end  reaches  9$  per  cent  the  stMdy  state  in  less 
then  100  nleroseeonds.  Firing  tests  confirm  that  there  is  no  neasursbls 
firing  delay  introduced  by  the  filter-attenuator. 

All  firings  of  the  RF  protected  squibs  to  date  have  been  successful  including 
igniter  and  motor  tests. 


3>  rormiAL  wwKP  DBviLOPiwrr 
Variations  of  Bseuirsmsnts 

losslbilitlss  of  iaprovament  of  this  device  are  greater  if  some  of  the 
original  constraints  are  not  iaposod. 


7.K-IQ 


For  many  sIbIIat  aystMi  of  good  circuit  dealga  ttw  inaertlon  loaa  needed 
probably  could  have  been  reallaed  with  the  tranaaiaalra  line  alone  of  the 
type  uaed  in  theae  devicea. 


Then  too>  if  the  choice  of  initiator  la  not  United  to  a  apeclfic  unlt| 
it  would  be  beneficial  to  ehooae  one  having  a  lower  hrldgewire  reaiatance. 
Since  voltage  dlvlaion  ia  involved,  lean  current  Uniting  reaiatanee  would 
be  neceaaary,  lean  lina  could  be  uaed,  and  the  device  would  be  aaallei. 

Qptinlaatioa  of  Hectrical  Charaeteriatica 

Althotti^  tine  and  reliability  conaidemtiona  did  not  pemit  it  for  the 
preaent  progran  tba  filter  attenuator  deaign  could  be  refined  for  greeter 
efficiney;  that  in,  greeter  intertion  loaa  to  aiea  ratio,  with  attendant 
coat  raductiona. 


nin;'  the  largaet  end  neat  ehpeneive  elanant  of  the  filter-ettenuetor  in 
he  trenaniaaion  line,  cptlniaetion  with  reapeet  to  aeteriala,  aiae,  and 
gaonntry  of  the  line  ia  noat  iaportant.  She  uae  of  neteriela  with  hi|p» 
nagnetic  pannaabiUty  for  the  wire,  or  for  the  wire  ooeting  ia  all  iaportant 
for  neainiaing  akin  offeota. 

the  ratio  of  AC  to  BC  reaiatanee  ia  oritieal  and  thia  ooulA  be  nuoh  ineraaaod 
by  we  of  neteriela  of  higher  nagaetie  paraaahility.  If  the  eondaetora  ware 
coated  with  aapenMllay,  it  ia  oatlnetod  that  the  inaartion  loaa  of  the 
praaant  deelgi  could  be  80  db  groater. 
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The  tranoaitsloD  line  described  earlier  is  overdesigaedi  and  can  be  nade 
snaller  as  confidence  in  the  drawing  technique  develops.  Since  twin  axial 
themocouple  vires  can  be  bought  off  the  shelf  with  outer  sheath  diaaMters 
of  0.011  inch  having  separate  conductor  diaaeters  of  0.002  it  is  felt  that 
wire  of  the  present  design  could  be  drawn  auch  saaller  than  the  O.O63  used 
presently.  Siis  ainlaturitation  would  result  in: 

1.  Increased  distributed  capacitance  caused  by  closer  spaclne  of 
the  conductors. 

2.  Increased  resistance  of  the  conductors  per  unit  length  because 
of  the  reduced  conductor  cross  section. 

3.  Savings  In  wallet  and  voluae  by  virtue  of  the  above  as  well  as 
the  reduced  cross  section. 

If  the  cross  section  were  reduced  to  one  half,  the  balk  of  the  transalsslon 
line  oould  be  reduced  to  about  one  sixth  of  its  prseent  voluae . 

Another  spproadi  lies  in  eptlaiiation  of  the  geoaetrical  cross  section  of 
the  traasaission  line.  Biere  are  several  exotic  things  that  could  be  done 
in  a  twin  axial  design.  Bowever,  to  take  an  easy  approach  with  siapls 
siMpee,  considerable  iaprovsaent  could  be  obtained  in  a  design  of  two  flat 
vires,  Inside  a  circular  sheath.  Ihis  desips  Is  shows  in  figure  12.  It 
would  utilise  the  spans  better  with  regard  to  area  of  dielectric  needed  for 
a  given  area  of  wire,  end  results  in  greatly  laexeaeed  capaeitaaee  between 
wires,  with  aore  pronounced  skin  effect  both  fton  the  rectangular  cross 
section  rad  laereased  proxlaity  effects ■  It  should  also  be  nentioned  that 
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this  drawn  wire,  twin  axial  design  does  not  appear  to  be  the  optianiB  produc¬ 
tion  method  for  obtaining  the  type  of  transmission  line  needed,  although 
it  does  solve  the  isolation  problem  neatly,  and  meets  the  requirement  for 
flexibility.  Other  fabrication  techniques  such  as  thin  film,  look  more 
promising  for  greatest  efficiency  and  smallest  bulk. 

Ihe  literature  indicates  that  capacitors  adequate  for  this  ^>plication  either 
are  available,  or  soon  will  be,  in  very  small  packages  occupying  peihaps 
one  fifth  the  present  volume  of  the  feed-through  capacitor. 

Possible  Configurations 

Two  possibilities  for  Improved  versions  of  the  device  are  shown  in  figure  13> 
in  comparison  to  the  device  in  present  use.  They  are  representative  of  the 
Improvements  that  could  be  realised  with  Impsroved  drawn  twin  axial  wire  only 
and  do  not  reflect  thin  film  possibilities. 

In  looking  to  potential  developments  we  look  forward  to  the  advantagous 
application  of  the  possibilities  of  optlmisatioo,  and  envision  applying 
this  to  another  new  concept  developed  at  Douglas  for  initiator  design. 

On  one  of  our  current  prograns  at  Douglas  wo  are  making  use  of  a  detonator 
mounted  at  the  missile  skin,  which  can  bo  installed  or  removed  with  only 
a  standard  screwdriver.  The  detonator  output,  by  means  of  small  shaped 
charges  la  the  detonator,  initiates  a  mild  detonating  fuse  train  which  In 
turn  is  routed  over  to  a  solid  propellant  gas  generator  of  a  hydraulic 
pumping  unit  (KFU)  see  figure  1$. 
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!l)ie  detonator  Itself  is  shown  in  cross  section  in  figure  14.  Note  the  swivel¬ 
ing  head  and  indexing  key  that  stake  this  detonator  skin  Insertahle.  Ihis 
scbenie  allows  the  HPU  to  he  easily  and  convincingly  arsied  and  dlsetnsed. 

This  detonator  type  equipped  with  integral  loss  line  protection  as  illustrated 
in  figure  16  and  making  use  of  the  ImproveiBents  suggested  above  can  provide 
a  new  order  of  slsiple,  convincingly  safe,  easy  to  install  electroexplosives. 

k.  SWmRY 


Present  Device 

B|y  way  of  summary,  the  filter  squib  in  production,  having  been  fully  proof 
tested  has  the  following  important  features. 


1.  Firing  Voltage  .  26  volts  DC 

2.  Bo'Plre  Voltage . 4  volts  DC 


3.  Insertion  loss  of  filter  •  attenuator 

50  db  from  0.5  to  1  Mc/s 
60  db  above  1  Mc/s 
80  db  above  3  Mc/s 

4.  FF  no-fire  for  all  frequencies  greater  than  500  kc/s; 

Designed  to  withstand  a  400  volt  po^ntlal  for  several  seconds 
with  no  damage  or  duddlng.  With  present  circuits  this  corresponds 

g 

to  electromagnetic  fields  up  to  1.5  million  w/n  . 
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Demonstrated  ability  to  withstand  100  volt  potential  for  30  seconds 
with  no  danage  or  dudding.  Corresponding  electromagnetic  field 
is  100,000  w/ii|2. 

Designed  to  withstand  a  30  volt  potential  indefinitely.  'Ihls 
corresponds  to  an  electromagnetic  field  of  10,000  w/m^. 

3.  Physical  Package 

Weight  . 

1!otal  length.  . 
largest  diameter 

Future  Davies 

With  those  changes  felt  to  be  isnediately  possible  with  negligible  develop* 
oent  outlay,  the  same  performance  could  be  obtained  in  the  following  physlcel 
packags : 


h  1/2  ounces 
3  1/2  inches 
1  1/h  inches 


Weiid^t . 11/2  ounces 

Length  ..........  2  1/2  inches 

Diameter  .  3/h  inches 


24-15 


24.  DISCUSSION 


A  n&n  from  Plcatlnny  Arsenal  requested  clarification  of  the 
term  "  insertion  loss"  under  conditions  vdsere  input  and  output  vere  matched. 

He  asked  if,  under  these  conditions,  the  loss  should  not  be  termSd  jittenua- 
tion.  Mr.  Warner  confirmed  that  The  Franklin  Institute  had  matched  the 
device  during  meaeura&ents.  The  questioner  reported  that  this  ie  usually 
knom  ae  attenuation.  Insertion  loss  ie  the  term  applied  uhen  no  attempt 
le  made  to  match.  Mr.  Warner  answered  that  these  moasutcaents  did  not 
follow  HU  220. 

(hr.  Brown  asked  the  unit  cost.  Mr.  Warner  answered  between 
300  and  400  dollars.  If  the  device  is  fired  repeatedl7  a  corresponding 
unit  cost  correction  can  be  added. 

Mr.  Sls^son  asked  if  the  filter  materlalljr  lengthened  the 
ignition  time  and  >diat  ignition  time  is  available.  )tv,  Warner  answered 
that  the  ignition  tins  is  a  few  milliseconds  and  that  <)f%  of  max  voltage 
is  achieved  within  100  microseconds. 

An  unidentified  questioner  asked  what  the  attenuation  was  for 
DC  input.  Mr.  Warner  ai^roxlfflated  the  attenuation  to  DC  at  20  db. 


2^,  Davelopment  at  Rfl  Shielded  Connectors 
U.J.  Hesbek 

Amphenol  Connector  Plvlslon 
Amptienol-Borg  Electronics  Corporetion 
Chlcsgo  SO,  Illinois 


Ibis  psper  comprises  e  summery  of  work  eceoo^lishsd  on  Dsyy  Contrset  179*7933, 


The  fesslbllity  of  scbievlng  the  Navy's  requirSMnts  for  s  SKtlti-eonducter 
RFl  sUielded  cable  connector  suitable  for  use  in  missile  firing  circuits  and 
electrically  detonated  ordnance  has  been  verified  by  designing,  constructing, 
and  testing  connector  prototypes. 


PUCOMIOS 

The  connector  developed  as  a  result  of  this  contract  will  be  used  to  make  a 
shielded  electrical  connection  from  a  remote  power  supply  to  a  missile  firing 
circuit.  The  ambient  conditions  will  include  high  intensity  alaetrowagnetle 
radiation.  Hence,  abtelding  is  uandatery.  In  addition,  tbs  'connecters  should 
be  capable  of  withstanding  environments  typical  of  present*day  aircraft  and 
missile  epplications. 

The  missile  firing  circuit  is  ceaposed  of  a  sensitive  resistance  wire  wblcb 
when  iMSted  by  the  passage  of  slectrical  current  will  Ignite  an  asplosive 
charge  or  squib, 

A  potentially  hasardous  condition  is  created  by  the  presence  u£  ■MM.iHamiKcal 
electrenegnetic  radUtion.  Onder  caruin  conditions,  it  is  poseibla  that  the 
various  cemponante  of  the  firing  syeteai,  oabls,  eonneetera,  etc,  will  act  as 
antenna  and  energise  the  firing  circuit  as  the  connactors  ace  unmstad,  mated, 
or  in  the  process  of  being  mated  or  unmatad. 

As  a  result,  tbs  Havel  Wsapens  laboratory,  Oehlgren,  Virginia,  granted  s 
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contract  to  tha  Amphanol  Connector  Division  for  the  priiaary  purpose  of 
developing  a  connector  design  concept  which  would  alleviate  this  haxardous 
misfiring  characteristic. 

Ill  order  to  shield  and  otherwise  prevent  electromagnetic  radiation  from 
entering  the  missile  firing  circuit  at  the  connectoti  the  following  design 
features  are  significant. 

1.  The  shielding  effectiveness  of  the  mated  connector  should  equal  or  exceed 
tliat  of  an  equal  length  of  the  cable  utilised  in  the  firing  circuit. 

2.  The  connector  shield  at  the  interface  of  the  two  connector  halves  must 
make  positive  contact  before  the  two  power  contacts  Mte  and  sMintain 
contact  until  after  the  power  contacte  break. 

3.  The  contacts  in  tlte  receptacle  connseter  half  should  be  isolated  suf* 
iiciently  to  preclude  the  possibility  of  field  personnel  accidentally 
touching  tne  socket  contacts  with  their  fingers  or  with  the  mating 
connector  shell  during  the  mating  and  unmating  cyels  or  while  the  connec* 
tors  are  uneatsd. 

4.  T!>ere  should  be  no  break  in  the  shield  through  the  connector  and  cable 
which  would  allow  WI  to  "leak'*  into  the  power  circuit. 

3.  The  “skin"  snunted  recsptacls  connector  should  reduce  the  antonna  effect 
of  the  contacts  as  setch  as  possible  while  in  the  unmatsd  atats. 

d.  The  connector  should  be  able  to  withstand  snvironmantal  oonditiens  (vibra* 
tioii,  high  and  low  temperatureit,  corrosion,  etc.)  without  degradation  of 
the  shielding  characteristics  of  the  connector. 
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7.  Tlie  design  concepts  to  be  developed  should  be  sppllcsble  to  connectors 
employing  s  large  number  o£  contacts. 

Cable  Selection 

Hie  Kavy  specified  that  a  tvo-conductor  shielded  cable  should  be  used  with 
the  connector  to  be  developed.  The  exact  designation  or  construction  of  the 
cable  was  not  Indicated  for  the  reason  that  any  number  of  existing  or  other 
future  cables  may  be  usn<\  Variations  In  cable  would  involve  minor  connector 
design  changes  in  order  to  adapt  the  cable  to  the  connector  and  hencs  should 
not  affect  any  basic  connector  design  concepts  which  relate  to  shielding 
effsctlvsnass. 

The  two-conductor  cable  arbltarily  selsctad  by  Aaiphenol  to  be  used  In  con¬ 
junction  with  the  developed  connector  was  the  Military  No.  BC-22B/U  cable. 

This  cable  was  selected  mainly  because  It  utilises  a  double  layer  braided 
shield  which  provides  Improved  shielding  over  other  cable  types  which  have 
only  a  single  layer  of  shield  braid.  In  addition,  this  cable  was  readily 
avalleble  and  Its  selection  expedited  the  work  of  the  contract. 

Prototype  Coimsctor  Deslau 

Achievement  of  the  connector  design  requirements  previously  outlined  Is 
revealed  In  the  prototype  recsptaels  and  plug  connector  designs. 

Those  design  features  pertaining  to  snylronawntal  resistance  are  presently 
utilised  by  Aa^henol  In  Its  46  Series  line  of  miniature,  multl-eoataet. 
snvlronaentally  resistant  electrical  connectors  In  accordance  with  the  re¬ 
quirements  of  the  governing  Air  Fores  Specification  MIl>-C-2(500. 

Fig.  1  shows  a  drawing  of  the  prototype  plug  connector. 
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This  deslgit  1$  very  ilmllAr  to  the  natlng  receptacle  connector  Ihown  In 
Fig.  2.  The  prototype  dealgns  liave  many  fceturee  which  levor  highly  effec¬ 
tive  and  reliable  ahleldlng  and  environmental  reiletance  character litlei. 

For  example,  a  hard  dielectric  dlec  with  Integral  retention  ellpi.  Item  1 
of  the  drawing  provided  for  aecure  attaclunent  of  the  eontacti  In  the  con¬ 
nector.  Thli  device  will  prevent  axial  movement  of  the  contact!  due  to 
rugged  me,  cable  flexing,  or  temperature  changaa.  The  retention  ellpe 
require  the  uie  of  tool!  for  removing  eontacta  from  the  connector  and  for 
Inaertlng  eontacta  Into  the  connector. 

Varlam  0-rlnga  and  realllent  aeala  are  utlllaed  to  prevent  the  entry  of 
molature  or  corroalve  elementa  Into  the  meted  connector!. 

Became  the  contact!  are  crimped  to  the  conductor!  prior  to  aaaembly  Into 
the  connector,  an  elongated  grooaMt  ferrule,  Item  2  of  the  drawing  allowe 
aufflclent  free  conductor  length  to  facilitate  contact  Inaartlon. 

Copper  alloya  were  uaad  In  the  majority  of  Che  connector  coevonenta  aa  well 
aa  aluminum.  An  all  aluminum  connector  of  aultahly  plated  alloya  jhould  be 
conaldared  for  future  application!  to  provide  the  noeeaaary  electrical 
propertlea  aa  well  aa  dealraabla  light  weight  eharaeterlatlea. 

All  mechanical  Junctlona  between  the  piece  parte  which  make  up  the  eonnaetor 
were  made  metal  to  metal  compreaalon  loaded  at  the  full  elroumferanea  of  the 
contracting  areaa.  Thlc  approach  eliminated  all  gapa  In  the  eonnaetor  ahlald. 
taall  gapa  In  the  ahleld  can  algnlflcantly  degrade  ehlaldlng  effeetlveneaa. 

A  major  Improvement  In  the  prototype  aaaplea  la  the  Introduction  of  a  ahlald 
contact.  The  ahlald  contact.  Item  3  of  the  drawing  la  provided  for  two  main 
reaaona. 
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1.  The  shield  contect  will  provide  a  positive  raethod  for  connecting  the 
cable  shield  before  the  power  contacts  are  mated  and  to  break  the  cable 
shield  after  ttic  power  contacts  are  unmated, 

2.  Tlie  shield  contact  will  provide  effective  sltlelding  for  the  contacts 
when  the  connectors  are  either  mated  or  unmated  or  in  tlte  process  of 
being  mated  or  unmated. 

Tlie  first  shield  contact  design  Is  sliown  in  a- 

This  is  a  four  tine  male  cylindrical  contact.  The  fiatarc  of  this  design 
which  enhances  its  shielding  effectiveness  is  its  close  poriplterel  fit  to 
the  mating  socket  member.  Tlie  features  of  this  design  wtiicti  would  possibly 
degrade  its  shielding  effectiveness  are:  (1)  only  four  point  contact  with 
the  mating  socket  member  end  (2)  axial  slots  which  are  requited  to  provide 
its  resilient  characteristics.  Tliase  axial  slots  may  permit  the  entry  of 
stray  Ul  into  the  connector. 

This  geoiastry  can  be  considered  at  a  wave  guide  operating  below  the  cut  off 
frequency  because  the  inside  diameter  of  the  shield  contact  Is  .390  ineh. 
Calculation  yields  a  cut  off  wavelength  of  .998  Inch  or  e  cut  off  frequeney 
of  19.7  kHe/sec. 

In  this  particular  shield  contact  design,  tlie  contact  length  provided  will 
cause  the  tips  of  the  central  power  contacts  to  be  recessed  1/2  Inch  from 
the  front  end  of  the  shield  contact.  This  will  yield  e  calculated  39.2  db 
wave  guide  attenuation  at  10  kHe/sec.  end  e  mexlwum  calculated  attenuation 
of  49.3  db  at  lower  frequencies  (below  approxlmetely  2  kMc/sec.) 

The  second  ihleM  contact  desUn  le  shown  to  Fla.  4. 

This  shield  contact  basically  coiwlsts  of  e  length  of  brass  tubing  terminated 
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at  one  end  with  a  circular  ring  oi  radially  projecting  spring  fingers  or 
contacts  which  will  make  the  required  electrical  contact  i^ith  the  mating 
socket  member. 

The  features  of  this  design  which  will  probably  enhance  its  shielding  effective¬ 
ness  are:  (1)  a  multiplicity  of  points  of  electrical  contact  depending  upon 
the  number  of  fingers  utilized  in  the  contact  design  (in  this  case,  twenty- 
one),  and  (2)  the  absence  of  any  axial  slots  which  could  allow  leakage  of 
stray  electromagnetic  radiation  into  the  connector.  The  one  disadvantage  of 
this  design  are  the  spaces  between  the  contact  fingers  which  could  be  a  source 
of  Inward  leakage.  The  calculated  shielding  characteristics  of  this  design 
when  analyzed  again  as  a  waveguide  below  cutoff  will  be  of  the  same  magnitude 
as  described  previously  because  the  controlling  parameters  of  length  and  in¬ 
side  diameter  are  equal  in  both  contact  designs.  In  actual  teating,  thia 
shield  contact  configuration  offered  more  attenuation  than  the  previously 
discussed  design. 

The  third  shield  contact  design  is  shown  in  Fie.  5. 

This  design  consists  of  a  length  nf  brass  tubing.  Tills  contact  is  identical 
to  the  previous  contact  design  except  that  it  does  not  have  a  means  for  making 
electrical  contact  with  the  mating  socket  member  and  is  1/2  inch  greater  in 
length.  Hence,  the  power  contacts  would  bo  recessed  1  inch  from  tlie  front  of 
the  shield  contact.  Since  this  is  not  a  eomplete  contact,  it  was  only  used 
when  evaluating  the  shielding  effectiveness  of  the  connector  in  the  unmated 
state.  Analysis  of  this  geometry  as  a  waveguide  gives  an  indicated  attenu¬ 
ation  at  10  kMc/sec.  of  78.4  db  and  a  maximum  attenuation  below  approximately 
2  kMc/sec.  of  91.0  db.  The  construction  and  testing  of  s  connector  utillalng 
this  contact  provided  a  comparison  with  the  other  alternate  shield  contact 
designs  when  determining  shielding  effectiveness  of  the  unmated  open-faced 
connector. 
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Test  Inp, 

T!ie  next  pliase  of  contiaetusl  work  was  the  laboratory  evaluation  of  the 
connector  prototypes. 

The  connectors  tested  consisted  of  the  M1L-C-26S00  connectors  which  are 
Amphenol  standard  production  Items  and  wars  tested  as  a  basis  for  comparison 
with  the  contractually  developed  connectors  where  such  a  comparison  was 
applicable.  The  next  two  fig.  (6  &  7)  sliow  the  standard  plug  and  rsesptaels 
connectors  so  tested.  The  12  else  shall  with  No.  20  contacts  was  used  bs> 
cause  the  prototype  also  utllltad  this  approxvsats  shell  and  contact  else. 

Three  receptacle  prototypes  were  tested.  Fig.  6  showing  one  type  of  rsesptaels 
utilises  a  tlnsd  shield  contact  having  four  axial  slots.  Fig.  9  showing  another 
rseeptacle  utlllMs  a  tubular  shield  contact  liavlng  radially  projecting  spring 
fingers.  Fig.  10  showing  still  another  rsesptaels  utlllMs  a  tubular  shield 
contact  of  extended  length,  this  connector  was  only  used  In  those  tests  In* 
volvlng  unoatsd  connectors.  All  3  rsesptaels  prototypes  wars  Idsntlcsl  except 
for  tlie  variations  In  the  shield  contact  design. 

Fig.  11  shows  the  prototype  plug  connector,  this  saws  plug  was  used  In  all 
tests  Involving  nstad  connectors. 

Three  types  of  laboratory  tests  wars  used  to  sval'jata  the  IFX  eblaldlag  cap* 
abilities  of  the  two  conductor  power  eonnsetora.  They  warsi 

1.  Fully  Mtsd  Connector  thleldlng  Bffactlvenett  Teat 

2.  Unsated  or  Open  Connector  Coupling  that 

3.  Connector  Proximity  Coupling  test 

lha  first  test  conducted  evaluated  fully  mated  cennaetor  ehlaldlng  sffeetlve* 
nses.  A  parallel  plate  or  slab  transmission  line  was  fabrloatsd  to  permit 
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the  i  .sertloii  of  couplt.i'’  loops  of  fully  uaced  coiuiectors  assembled  to  cable. 

A  coupll.ig  loop  of  RG-22B/U  cable  wltUout  connectors  was  used  as  the  reference 
for  the  comparative  measurements. 

At  each  test  freque.xy,  the  RG-223/U  cable  coupling  loop  was  precisely  set 
into  the  slab  line  and  the  RF  detector  output  level  was  recorded.  This  loop 
was  replaced,  1:.  turn,  by  the  RG-22B/U  cabls  loop  with  fully  natsd  connectors 
attached  as  1.  service. 

Fig.  12  shows  the  test  schematic  and  dsserlbas  ths  details  of  tha  test  setup. 
Important  derails  affecting  tha  test  results  Included; 

1.  The  length  of  the  cabls  loop  without  connectors  was  equal  to  the  length 
of  cable  loop  with  con.isctors. 

2.  TIm  S/8  Inch  dlstsucs  from  the  centerline  of  the  cable  loop  to  tha  surfacs 

of  ths  csntsr  conductor  of  the  slab  trsumlsslon  line  was  maintained  through* 
out  all  tests, 

Ths  tsst  equipment  wee  varied  to  suit  tha  teet  frequency.  Tests  were  conducted 
In  tit*  frequency  range  of  2  to  623  Hc/sae. 

rig.  13  Is  a  photograph  of  the  test  setup.  On  the  left  are  two  types  of  W 
datsetors  covering  the  frequency  range  of  60  to  623  He/sec.  In  tha  center  Is 
sliown  an  RF  oscillator  and  power  supply.  Ott  the  right  la  tha  slab  line  with 
tsst  sample  cable  leads  proJscei.ig  from  Its  top.  The  side  snd  end  plates  of 
the  slab  line  are  of  aluminum  stock.  Ttie  center  coiuluetor  Is  brass  and  Is 
terml.«tad  with  coniMctors  for  coupling  to  standard  laboratory  test  equipment. 

Tits  tsst  results  show  that  the  RC*22>/U  cable  loop  with  co.inectors  Is,  within 
experlBN.iul  accuracy,  superior  to  the  RC*22B/U  cable  loop  without  connecters. 

TIm  test  results  l«ve  been  plotted  on  Graph  No.  1. 
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Tills  grapii  plots  test  froque.icy  ageiiist  shielding  effectiveness.  The  sero 
datum  li..e  is  tlie  shielding  effectiveness  of  the  cable  loop  without  eonnactors. 
Tue  jagged  curve  reprcseuting  the  shielding  effectivenest  of  the  connaetor  was 
determined  by  actual  test  measuretieiits.  At  any  particular  frequency,  a  positive 
value  indicates  tlie  co::nectors  are  superior  to  the  cable  find  s  ■'sgative  velite 
indicates  tlie  connectors  are  inferior  to  the  cable.  Evan  though  tone  of  the 
values  for  connector  shielding  effectiveness  ere  lest  than  the  cable,  the 
majority  of  Che  values  are  better  tlian  or  equal  to  the  cable.  Hauce,  on  the 
average,  the  connectors  exlilblt  superior  shielding  capabilltlae  to  the  gC*22B/U 
cable.  The  variations  in  shielding  effectiveness  between  the  cable  and  cable 
with  connectors  it  probably  due  to  two  effects.  They  ace: 

1.  Distortion  of  the  field  in  the  elab  line  test  fixture  due  to  dlfferencee 
in  the  else  end  shape  of  cable  and  connector  test  saaplet. 

2.  Kiasing  effects  which  alter  the  net  voltage  introduced  into  tbs  coupling 
loop.  Pliaeir.g  effects  are  espeeielly  notlesabls  at  higher  frequanclss 
wlie..  the  length  of  the  coupling  loop  is  a  largo  fraction  of  the  slab  line 
wava  length. 

TlM  second  teat  was  conducted  at  X-bai:d  to  datenine  which  utuMted  receptacle 
eo.ifiguration  presented  tlM  best  rejection  to  EFl.  Three  different  prototype 
receptacls  eotwactors  utilising  three  different  shield  contact  designs,  as 
previously  described,  were  tested  in  addition  to  a  stai:dard  M1L>C*26500 
receptacle. 

Pig.  14  deecribes  the  teat  eeheiaatlc  a.id  teat  setup.  The  Varian  X'U  Klystron 
has  a  rated  nlniMi  output  of  100  allllwatts  in  an  optiaua  lead,  nis  coupled 
with  a  pyrsnidal  horn  gain  of  22  db  and  an  isolation  pad  loss  of  3  db  did  not 
yield  eufficient  radiatio«i  power  levels  to  pemit  far  field  taeti.>g  of 
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receptacles  niounted  oi.  metallic  grou.id  pla.;cs.  Detectable  sigiiali  were 
observed  o.^ly  wlie.i  tiie  reccptaclu-grouiid  plaae  was  brought  up  to  within  20 
inches  from  the  hor.:  aperture.  This  resulted  iu  considerable  signal  re¬ 
flection  back  into  the  horn  with  correspondir.g  erratic  test  results. 

The  near  field  tests  conducted  utilizing  a  microwave  absorbing  material  as  a 
ground  pla.ic  as  shown  iu  the  test  Schematic  was  found  to  yield  reproducible 
results. 

The  brass  tube  which  is  attached  meclianically  and  electrically  to  tho  back  of 
Che  test  connector  maintains  a  tight  fit  to  the  microwave  absorber.  By  this 
means,  the  conductors  and  dotector  aro  shielded  to  spurious  Rfl.  After  passing 
through  the  brass  tube  and  dielectric  block,  the  conductors  are  terminated  to 
a  type  i!  coaxial  reeeptaclo. 

When  tested  in  this  manner,  all  three  eontraetially  designed  connectors  show 
superior  siiielding  effectiveness  iu  comparison  with  standard  connectors.  At 
the  single  test  frequency  of  9,600  mc/s,  the  following  order  of  excelleneo 
was  noted. 

The  connector  using  the  uxtuiwlud  shield  coutaut  was  tlic  moat  effective  being 
17  db  superior  to  tho  standard  coimoctor. 

The  eoanoctor  using  the  tubular  shield  contact  with  radially  projecting  spring 
fingers  was  16  db  superior  to  tlie  etandard  connector. 

Tno  connector  using  the  four  tinod  Suiold  contact  was  8  db  superior  to  tiie 
standard  connector. 

The  standard  t.lL-C-26SOO  connector  was  least  sffectivo.  This  inferiority  it 
common  to  all  unshielded  connectors  a.id  not  only  tho  KIL-C-26SOO  connecLur. 
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Thi  third  and  laat  teat  conducted  vaa  the  connector  proximity  coupling  teat. 

The  purpoae  of  thla  teat  waa  to  evaluate  the  ahlaldlng  effectlvenaaa  of  the 
mating  plug  and  receptacle  ea  they  ere  In  the  proceaa  of  being  coupled,  fig. 

IS  ahowa  t'ne  teat  aetup. 

In  thla  teat,  the  atenderd  KIL~C-26500  end  the  prototype  plug  connectora  were 
uaed  aa  tranaalttlng  antennae.  Ihie  uoa  eeeoapllabed  by  temlnetlng  the  con* 
tecta  of  the  eoiuiectora  In  100  onaa  while  auklntelnlng  Inauletlon  to  the  abell 
and  energlelng  the  coanaetora  eoexielly.  The  outer  ehella  of  the  pluga  ware 
connected  to  the  Inner  eonduetor  of  the  trenamltter'e  coaxial  output  end  the 
eoexlel  line 'a  outer  eonduetor  taraineted  on  the  6  foot  aguere  atetlonary 
ground  plane.  Thla  effectively  aede  the  plug  ahella  atub  entennea  with  a 
voltage  laxiaiai  at  the  outer  or  eating  end  of  the  eonneetora.  The  etenderd 
KIL*C*26S00  conneeterc  end  the  prototype  teat  eonneetora  were  aueeeaalvely 
aeunted  on  a  portable  three  foot  aguare  ground  plane  and  brought  Into  the 
prexlalty  of  the  anarglaed  plage.  Double  etub  tunere  ware  uaed  to  aateh  the 
eonnaetor  pluga  uaed  aa  antannaa  to  the  tranaadtter. 

Deuetebla  output  waa  obaervad  during  the  teat  only  whan  tha  plug  and  roMptaela 
ware  aated  aaullleally.  Tha  reaulu  ahew  that  at  2,1  kMe/aae.  all  eeablnatlana 
yielded  the  aaaw  output  level.  Mo  output  waa  obaervod  to  be  dua  to  prexlalty 
only.  A  Biwlatt-iaekard  oaelllator  uaed  aa  the  tranaxlttar  haa  an  output  of 
10  allllaatu.  A  higher  power  tranaxlttar  night  reveal  pecxlxlty  eoupllng 
before  tha  Inner  eontaeta  touch, 

Thla  concluded  the  teat  pcogran. 

iSMUBlStt 

1.  The  eoanactar  U  auparlor  tr  an  agulvalant  length  of  M}-22B/0  cable  la 
ahlaldlng  effaetlveaeaa. 
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2*  TUc  recept^clfi  collector  in  the  uiuneted  or  open  fece  icece  wlli  lieve 
superior  •hielding  effectiveness  to  standard  connectora. 

3.  An  outer  shielding  contact  of  cylindrical  alMpe  will  nake  contact  before 
the  power  contacts  oate  and  maintain  contact  until  after  tlie  power  contacts 
break.  This  contact  will  also  provide  RFI  shielding  while  the  connectors 
are  uiu^iated. 

A.  The  contacts  In  ths  receptacle  lialf  have  been  isolated  to  preclude  tlie 
possibility  of  flsld  personnel  accidentally  couching  die  conucta. 

5.  Tho  connector  will  be  able  to  withstand  savers  environments  wltliout  de¬ 
gradation  of  shloldlng  effectlveneaa  and  can  employ  a  range  of  contact 
slacs  and  qua.iclcles. 


25.  0I3CU3SI0N 

*  inias  askad  for  nuswrloal  or  oomparallvt  leakage  values  for 
a  regular  oonneetor.  n*.  Nashsk  answered  that  this  was  not  ohsoksd  baeauae 
of  ths  similarity  of  RF  oable  and  open  wiring.  It  was  feared  that  results 
would  be  Incoaelusive, 

Another  voles  oomantsd  that  equipMnt  Is  availabls  to  check 
ths  leakage  of  any  eoimector  or  joint.  Mr.  Mashek  replied  that  he  had 
no  way  of  doliy  this. 

Mr.  R.  Walsh  of  HWL  asked,  with  new  ..ppUeatioas  la  aiad,  if 
the  oonneotor  was  nstohed  to  the  line.  Mr.  Msshde  answered  that  the 
oharaoteristles  of  the  oonneotor  were  not  ooaaidsred  at  all. 

A  questioner  asked  for  the  overall  leiyth.  Hs  asked  if  the 
length  was  ths  sean  as  ths  26500  J.  Mr.  Mashek  answered  that  it  was  not 
beoause  of  ths  additional  length  required  to  Insert  ths  ooataets.  Ihsse 
eontaets  are  rsewvsbls  and  require  additional  length  for  aeehaaieal 
insertion.  Ihs  eentaot  will  release  either  front  or  rear.  Ths  present 
unit  is  about  3  inches  lo(«  and  3/4  inoh  in  diaawter.  This  Is  ths 
praetloal  llidt  In  else  units*  a  sli^is  oentaet  is  desired  in  which  ease 
it  could  be  cos^essed  eonalderafcly. 

In  reply  to  a  question  ooneemlng  the  ptrfbnaaaoe  of  this  devies 
owlar  high  arc  r.ondltiona,  Mr.  Mashek  said  that  no  evaluations  have  been 
Hade. 
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TWO-OOND^JCTOR  SHIELDED  CABLE  PI 


•V  ri«.  1.  Two-coiffiircTOR  shieidbd  cabb  pico  comEcrm  AssraBcr 

f 
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26.  TWO-CONDUCTOR  LOW-PASS  TRANSMISSION  LINE  THEORY 

H.  G.  Tobin,  L.  J.  Greensteln,  R.  J.  Arndt,  and  E.  W.  Weber 
Armour  Research  Foundation 
of 

Illinois  Institute  of  Technology 

introduction 

The  operational  effectiveness  of  Naval  vessels  on  which  ordnance 
functions  coexist  with  communication  and  radar  functions  requires  safeguards 
to  preclude  inadvertant  firings  of  electro-explosive  devices  by  means  of 
transmitter  outputs.  To  reduce  the  danger  of  such  undesirable  occurrences, 
without  remoting  the  ordnance  and  communications  operations  in  either 
distance  or  time,  several  techniques  could  be  employed.  The  most  noteworthy 
of  these  are: 

(]]  Shielding  each  firing  cable  to  minimise  the  leakage  of  spurious 
electromagnetic  energy  into  the  fire  control  circuits. 

(2)  Providing  a  lumped-circuit  low-pass  filter  at  the  electrical 
input  to  each  actuating  device,  so  that  only  energy  contained 
in  the  frequency  band  of  the  control  signal  is  passed. 

(3)  Developing  firing  cables  vdtich  pass  control  signals  satisfac¬ 

torily,  while  providing  high  attenuation  at  frequencies  above 
the  bandwidth  of  the  control  signals,  i.  e. ,  performing  the 
above-mentioned  low-pass  filtering  in  the  transmission  line 
itself.  ^ 

It  may  well  be  that  the  most  effective  l^nd  economical  techniques  for 
minimising  the  danger  of  unintentional  firings  consists  of  some  combination  of 
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the  above  approaches.  To  limit  the  necessity  for  external  shielding  and  filtering, 
however,  it  appears  desirable  to  first  obtain  the  maximum  benefit  from  the 
inherent  filtering  capabilities  of  transmission  lines.  Such  a  line  should 
provide  no  more  than  3  db  attenuation  per  meter  at  frequencies  up  to  20  kc, 
while  providing  considerable  attenuation,  perhaps  50-60  db  per  meter,  at 
radio  frequencies. 

It  was  with  the  above  objectives  in  mind  that  Armour  Research 
Foundation  undertook  a  research  program  for  the  U.  S.  Navy  Mine  Defense 
Laboratory  to  study  the  feasibility  of  the  development  of  attenuatiag  cables. 

The  work  was  carried  out  in  three  phases.  The  first  phase  of  the  work  involved 
theoretical  analysis  of  various  transmission  line  configurations  to  determine  how 
the  objectives  of  the  program  might  best  be  met.  A  second  phase  of  the  program 
was  co-...emed  with  a  study  of  material  properties  and,  in  particular,  those 
properties  of  materials  udiich  appeared  to  be  of  interest  on  the  program.  In 
connection  with  the  material  survey,  investigation  was  also  made  of  the  fabri¬ 
cation  difficulties  encountered  with  various  dielectric  materials.  The  final 
phase  of  the  work  is  concerned  with  an  experimental  verification  of  the  atten¬ 
uating  properties  of  transmission  linos  which  have  been  fabricated  both  com¬ 
mercially  and  in  the  laboratory.  Work  is  still  continuing  in  titsss  areas.  This 
paper  will  attempt  to  give  an  up-to-date  report  on  the  progress  obtained. 

THTOIUCTICAL  ANALYSIS 

Introduction 

The  first  phase  of  the  program  involved  the  analysis  of  various  line 
configurations  in  order  to  determine  the  theoretical  limitations  of  different 
lines.  Depending  on  the  criterion  applied,  any  number  of  procedures  could  bo 
used  to  optimise  a  given  line  configuration.  The  particular  technique  used  in 
the  analysis  performed  is  as  follows:  An  attenuation  of  3  db/meter  was 
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specified  at  20  kc  (fj).  The  RF  attenuation  desired  above  0-20  kc  pass-band 
was  then  selected.  The  optimization  technique  then  consisted  of  minimizing 
the  frequency  (f^)  at  which  this  attenuation  occurs. 

Expressions  of  the  attenuation  as  a  function  of  frequency  were  derived 
for  various  line  configurations.  The  optimum  line  design  using  the  above  tech¬ 
niques  was  then  found.  Only  the  results  of  these  analyses  will  be  presented 
here.  Detailed  derivations  art  given  in  Quarterly  Reports  on  "Two-Conductor 
Low-Pass  Transmission  Line  Theory,"  Contract  No.  N178-7927,  submitted  to 
the  U.  S.  Naval  Weapons  Laboratory,  Dahlgren,  Virginia.  Copies  of  these 
reports  have  been  submitted  to  ASTIA  and  are  available  from  that  agency. 

The  optimum  line  design,  as  found  from  the  procedure  outlined 
above,  will  not  always  be  a  realistic  one.  The  limitations  of  material  properties 
and  the  fabrication  techniques  possible  with  these  materials  may  require  that 
compromise  be  made  between  the  optimum  design  and  one  which  may  be  achieved 
with  relative  ease.  The  analysis,  together  with  considerations  of  the  above 
practical  limitations,  will  allow  a  Judicious  compromise  to  be  made  between 
the  various  requirements  of  protection,  cost,  weight,  etc. 

Conventional  Distributed  Transmission  Line 

A  differential  length  of  conventional  transmission  line  may  be 
represented  as  shown  in  Figure  1.  The  circuit  behavior  of  this  line  may  be 
characterized  in  terms  of  its  characteristic  Impedance,  Z^,  and  its  propagation 
constant,  S'  .  For  a  line  with  a  series  impedance  of  Z  ohms  per  meter  and  a 
shunt  admittance  of  Y  mhos  per  meter,  the  values  of  the  transmission  parameters 
are  given  by 


ohms 

(1) 

r-JJV 

(2) 
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In  order  to  determine  the  attenuating  propertiee  of  any  particular 
line,  it  ie  necessary  to  find  the  real  part  of  the  propagation  constant.  The 
real  part  is  called  0<  and  is  the  attenuation  of  the  line  in  nepers/meter.  For 
the  line  in  Figure  1,  oC  may  be  shown  to  be 


aepers/meter 


(3) 


At  low  frequencies,  ^  Is  given  by 


nepers/matsr 


(4) 


while  at  high  frequencies,  the  value  of  the  parameter  asymptotically  approaches 


i  JF  n«P«rs/m.tsr  (5) 

A  ssriss  of  curves  giving  the  attenuation  as  a  function  of  frequency 
for  different  values  of  the  high  frequency  attenuation  are  shown  in  Figure  2. 

In  plotting  these  curves  it  was  assumed  that  the  low  frequency  attenuatiea  was 
very  close  to  sero.  A  value  of  other  than  aero  attenuation  at  low  frequencies 
causes  a  toe  in  the  attenuation  curve  at  the  low  frequency  end.  The  same  curves 
are  replotted  in  Figure  3  so  that  all  curves  have  the  same  attenuation  at  some 
specified  frequency.  One  technique  for  determining  the  optimum  line  config* 
uration  is  to  fix  the  attenuation  at  soma  low  frequency  and  then  minimise  the 
frequency  at  which  the  attenuatimi  rises  to  a  specified  value. 

From  Figure  3.  it  can  be  seen  that  all  curves  initially  rise  at  the 
same  rate  as  the  curve  indicated  by  «A  Along  this  liae.  the  attenuatien 
increases  la  proportion  to  the  square  root  of  frequency.  This  then  is  the  optimum 
condition  we  are  interested  in.  In  order  that  the  attenuattoa  will  increase  as 
the  square  root  of  frequency,  it  is  necessary  that  be  vary  small  and 
be  vary  large.  These  limitiag  cooditioas  can  he  obtained  by  requiring  that 
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either 


C  =  o 


!« 

(71 


U  (6)  hold!,  then 


while  if  (J)  hold!, 


neperi/meter  (8) 


neper  I /meter  (9) 


A  line  which  letiefiee  (6)  will  be  celled  en  LG  line  while  one  which 
■etisfiei  (7)  will  be  celled  en  RC  line. 

Double-Lever  Line  --  Circuit  Anelyeii 

The  preceding  enelyele  hei  ihown  thet  the  optimum  conventional 
tranemleeion  line  will  give  en  ettenuetlon  which  Increesee  in  proportion  to  the 
■quere  root  of  frequency*  In  en  attempt  to  determine  whether  thle  rate  of 
change  of  attenuation  could  be  increaeed.  several  other  typee  of  transmiaelon 
lines  were  studied.  The  analysis  of  the  response  of  any  transmission  line  may 
be  determined  by  analysing  a  circuit  model  similar  to  that  analysed  for  the 
conventional  distributed  line.  This  circuit  representation  la  valid  if  the 
propagating  wave  on  the  line  la  comprised  of  the  TEM  mode  only.  If  thia  is 
not  the  case,  the  circuit  approach  may  be  used  only  in  those  ranges  of  the 
frequency  spectrum  where  the  longitudinal  component  of  the  electric  field  is 
small  compered  to  the  radial  component. 

One  type  of  line  which  was  investigated  waa  the  double-layer  line. 
Consider  a  line  (Figure  4)  in  which  the  inter-conductor  region  is  composed 
of  two  media,  such  that  the  boundary  between  them  is  equipotsntlal  with  respect 
to  the  conductors.  As oume  that  one  medium  consists  of  a  low-loss  dielectric. 
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while  the  other  coniiete  of  e  conducting,  or  partially  conducting,  material. 

If  the  material  whoie  parameter*  are  deeignated  by  the  (ubecript 
1  in  Figure  4  i*  a  lemiconductor  or  conductor,  and  the  eecond  material  i*  a 
dielectric,  then  the  circuit  element  repreaentatlon  of  the  dietributed  line  can 
be  given  by  the  configuration  of  Figure  Sa.  The  loesine**  of  the  dielectric 
material  and  the  dielectric  conetant  of  the  loaay  material  can  be  neglected 
to  a  firat  approximation,  thu*  leading  to  the  configuration  of  Figure  6b  where 
G2  and  have  been  removed. 

The  normalised  attenuation  of  auch  a  line  ia 


Figure  6  show*  curve*  of  normalised  attenuation  g  v*.  normalised  frequency 
y,  with  k  a*  a  parameter.  For  very  large  k  and  very  low  y  it  can  be 
shown  that  g(y)  ha*  a  *quare>low  variation,  i.  e. ,  g  eC  This  represents 
the  steepest  variation  of  attenuation  with  frequency  (  at  A  U^**)  that  can  be 
thsoretically  attained  with  this  line. 

Assume  that  the  attenuation  below  some  frequency  f ^  is  not  to 
exceed  some  specified  value  and  that  we  wish  to  minimise  the  frequency 

f2  ^  f  j  above  which  the  attenuation  equals  or  exceeds  some  cutoff  attenuation 
of  2  >  Of  j<  To  ntinimise  f2  within  the  constraint  that  e<  &  a<j  for  all 
f  S  f  j,  we  can  employ  the  curves  of  Fig.  6  and  solve  for  f2  and  the  cor* 
responding  line  parameters  for  various  values  of  k.  The  simplicity  of  ^s 
approach  attests  to  the  utility  of  the  normalised  representation,  and  can  be 
described  as  follows: 
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For  a  curve  correaponding  to  a  apecific  value  of  k,  two  pointa 
gj)  (yg’  82)  aelected  which  have  the  following  propertiea: 

(1)  82^81  ®  o<2^®^  1 

(2)  8  <81  y<  yj 

(3)  8  >  82  y  >  yg 

(4)  The  average  alope  of  g  with  reapect  fo  y  between  g^^ 

and  $2  maximum  average  alope  attainable  between 

any  two  pointa  which  aatiafy  the  above  three  conditiona. 

The  valuea  of  y^^t  y^i  g^  and  obtained  in  thia  manner  are  the 
normalised  valuea  of  (jTy  and  •C2t  roapectively,  where  the  1 

aliaationa  are  given  by  (10').  If  *  2  and  04.2  *P*‘' 

then  t^2(  ^  ^  '^f2)  can  be  determined  for  each  k,  and  repreaenta  the 
minimum  cutoff  frequency  for  that  k. 

The  above  technique  waa  applied  to  a  coaxial  line  having  an  ovdor 
conductor  of  1"  diameter,  an  inner  conductor  of  0. 2S"  diameter,  and  a  tU« 
electric  film  of  thlckneaa  1  mil  aa  region  1.  la  addition,  it  la  aeaumed  that  a 
tton-magnetic  conducting  material  la  uaed.  For  euch  a  line,  th'  '•iductaaee  It 
L  «  0. 3 /m.  The  apecified  valuea  of  f^,  o(|,  andof  ^  3ee,  0.  33 

nepara/m. ,  and  16.  7  nepera/m. ,  reapectively.  The  valuea  of  tg  calculated 
uaing  the  above  technique  are  tabulated  for  varioua  k  in  Table  1.  The  cor* 
raapondlng  optimum  line  parametara  R,  G,  and  C  are  alao  given,  aa  well  aa 
the  relative  dielectric  conatant  of  the  film  and  tiie  conductivity  of  the  conducting 
medium  required  to  achieve  the  calculated  valuea  ^  C  ami  O  for  the  aeaumed 
line  dlmmaiona. 

Double-Laver  Line  —  Field  Analvaie 

Aa  pravioualy  indicated,  the  uae  of  aa  equivalent  circuit  to  determine 
the  behavior  of  a  traaamlaaion  line  la  valid  aa  long  aa  ttie  propagating  wave  can 
be  approximated  by  a  wave  having  only  a  radial  component  of  electric  field  and 
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an  angular  component  of  magnetic  field,  i.  e,  a  T£M  wave.  In  order  to  deter¬ 
mine  whether  luch  a  wave  ia  preaent  on  a  two-layer  line,  a  field  analyaia  of 
thia  type  of  coaxial  configuration  waa  performed.  The  analyaia  aaaumea  no 
loaaea  in  the  conducting  walla  (inner  and  outer  conductora)  of  the  line.  Thia 
correaponda  to  the  aaaumption  R  =  0  in  the  circuit  modal  analyaia. 

The  electric  and  magnetic  fielda  in  both  layera  of  the  line  maat 
obey  Maxwell'e  equatlona.  If  a  TEM  mode  exiata,  then 

»  o  (ID 

A  two-layer  line  with  a  croaa  aection  aa  ahown  in  Figure  4  ia  coraidarad.  It 
can  be  ahown  that  a  TEM  mode  will  exiat  only  when 


and 


(12) 


(13) 


Even  in  a  loaaleaa  lino,  both  theae  conditiona  will  net  in  general  be  aatiafied. 
Therefore,  a  TEM  mode  will  not  in  general  exiat. 

Since  the  TEM  mode  cannot  propagate,  there  muat  exiat  another  mode 
with  a  cutoff  frequency  of  aero  udiich  degeneratea  into  the  TEM  mode  whan  both 
layera  are  the  came.  It  haa  been  ahown  that  a  TM  mode  hac  theae  propertlec. 
We  define 

where  ' 


r  ■  propagation  tector 
n  ■  1  ia  region  1 
■  2  ia  region  2 
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Then  the  field*  which  exiet  in  the  two-Uyer  line  cm  be  ehewn  to  be 


Jq  Md  Yq  ere  Beeeel  functione  of  sero  order  Md  of  the  flret  and  eecoad 
kind  reepectlvely  Md  the  primes  Indicate  their  derivatives  and 

^  (11) 


When  the  boundary  conditions  are  applied,  it  is  possible  to  find  the 
propagation  constMt  of  the  line.  However,  the  selutioo  is  ratimr  formidable 
in  appearMce.  In  order  to  derive  useful  informatioo  about  the  behavior  of 
lino,  two  different  approximating  approaches  were  tried.  In  the  first  case, 
the  Bessel  functioa  evaluated  at  r  ■  a  Md  r  ■  e  are  approximated  by  the  first 
two  terms  of  a  Taylor  ssrios  aboU  r  ■  b.  If  fills  is  doM,  If  is  found  to  be 
given  by 


(i») 


Note  that  ^  I  Mfi  ^  g  ***  ^  B****^Y  imagiaary  and  prepagattoa 

results.  In  addition,  if  ^1*^2  ^  o^uatica  for  the 

propagation  factor  for  the  TXM  mode  results.  For  small  valuss  of 


and 


,  we  may  write 


(20) 


•b 
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Th«  maximum  magnitude  of  thia  expreaaion  will  be  found  when  r  «  b  «  Za.  For 


we  find 


74fr  < 

AdT 


henrlee /meter 
farade/metar 


<k-l  Cum. 

or 


(21) 

(22) 

(23) 

(24) 

(25) 

(26) 


which  indicate!  the  validity  of  the  circuit  model  at  fra^nclea  below  100  Me. 

Another  expreaeion  for  the  propagation  factor  may  be  obtained  by 
uaing  an  alternate  aet  of  appronimatletta  for  the  Beaael  functioaa.  For  email 
valuea  of  tho  argument,  the  Boaeol  functiona  may  be  replaced  by  the  flret  few 
terme  of  their  power  aeriea  expanetone.  For  the  cate  where 

aad 


w«  fl«4 


C  <«| 


t  : 


Vg  ty4, 

M  U 


S3 


(U) 


(2f) 


By  flndiag  Oe  real  part  of  Om  a^nare  root  of  (29)  we  may  determine  *<  . 

It  can  be  ahown  that,  by  proper  enbetttntton,  tMe  le  tho  aame  propngattoa 
fbetor  aa  would  be  found  from  a  dreutt  reproeonlntion  of  Ihio  lino.  It  ie  alee 
of  interoat  to  note  that  aa  incroaee  in  will  not  laeroaae  tho  rate  of  cbenge 
of  attenuation  but  merely  inereaee  tho  magnitudo  of  tiM  attenuation  throughout 
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th«  range.  Although  not  readily  apparent.  It  can  be  shown  that,  over  certain 
frequency  ranges,  the  attenuation  as  found  from  (29)  will  vary  in  proportion  to 
the  frequency  squared.  This  is  a  similar  result  to  that  found  for  the  circuit 
model  originally  proposed.  We  may  conclude  that  the  circuit  model  is  certainly 
valid,  with  small  error  at  frequencies  in  the  communicatiotts  band. 

Discontinuous  Transmission  Lines 

Discussion  thus  far  has  been  concerned  with  lines  which  provide 
dissipative  attenuation  only.  It  is  well  known  that  filters  which  incorporate 
only  reactive  elements  will  exhibit  the  steepest  cutoff  characteristics.  As  loss 
is  introduced  into  the  filter,  the  cutoff  of  the  device  becomes  more  gradual. 
Unfortunately,  those  filters  with  extrsmsly  sharp  cutoffs  gonerally  also  exhibit 
pass>bands  at  frequencies  above  those  for  which  the  filter  Is  designed  to  operate. 
Thus,  if  it  is  of  importance  to  allow  no  energy  to  be  propagated  above  a  certain 
limiting  frequency,  (low-pass  filter),  some  loss  must  be  Introduced  to  minimise 
the  effect  of  higher  frequency  pass-bands. 

A  similar  situation  exists  la  transmission  llass.  Linos  can  be 
designed  which  will  not  propagate  energy  in  a  given  frequency  range.  Rejection 
of  the  unwanted  signals  is  accomplished  through  the  introduction  of  discentlaui- 
ties  in  the  line  so  that  signals  are  reflected  back  to  the  source  rather  than  being 
transmitted  to  the  load.  As  a  result  of  the  reflections,  the  loss  of  tbs  line  will 
be  greater  than  that  to  be  eiqweted  from  dissipative  attenuation  alone.  An 
analysis  of  such  a  line  was  performed  for  establishing  crlterU  for  the  design 
of  the  line  in  order  to  obtain  the  sharpest  possible  cutoff  consistent  with  the 
maintenance  of  a  minimum  value  of  attenuation  in  the  stop  band. 

The  model  assumed  for  the  study  is  shown  in  Figure  t.  It  is  a 
composite  line  consisting  of  alternate  sections  of  two  typos  of  transmission 
lines.  The  line  was  considered  to  be  of  semi-iaflaite  extent  in  order  that  the 
effects  of  load  end  reflections  could  be  neglected  and  that  the  impedances 
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appearing  at  correeponding  points  in  succeaiive  aectiona  would  be  identical. 
Significant  parameters  of  the  line  are  given  in  Table  2.  Using  these  parameters 
and  the  conventional  transmission  line  voltage  and  Impedance  relationships  we 
may  find  the  ratio  of  the  input  voltage  to  one  section  of  the  line  to  the  voltage 
at  the  output  of  the  second  section  of  the  line.  This  relationship  is  found  to  be 
given  by 


Equation  (30)  is  certainly  formidable  in  appearance.  Its  difficulty 
is  compounded  by  the  fact  that  the  terms  involved  are  in  general  complex 
numbers.  However,  considerable  in  information  can  be  derived  from  this 
eiqiression.  The  equation  is  symmetrical  with  respect  to  ^  and  "9^  2* 
Furthermore,  the  result  is  unchanged  if  K  is  replaced  by  1/K. 

An  understanding  of  (30)  is  facilitated  by  a  breakdown  of  the  individual 

factors  involved.  The  attenuation  loss  and  the  phase  shift  of  the  individual 

section  is  represented  by  and  factor  (K  *  l)/Zj  K  will  be 

recognised  as  proportional  to  the  misir  tch  loss  between  two  lines  having 

characteristic  impedances  Z.  and  Z.  .  The  remaining  portion  of  (30)  is 

”l  ”2 

due  to  second  and  higher  order  reflections  wdiich  occur  as  the  wave  is  reflected 
first  toward  the  source,  then  toward  the  load,  and  so  on.  The  importance  of 
these  higher  order  reflectione  will  depend  upon  the  dissipative  attenuation  of 
the  Individual  sections  of  the  line.  If  the  individual  attenuations  are  small, 
the  wave  after  its  second  reflectioa  is  of  the  same  order  of  magnitude  as  the 
primary  wave.  If  attenuation  is  present,  the  influence  of  higher  order  waves 
wiU  be  negligible. 
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When  the  ratio  of  character] s'ic  impedance!  is  high,  and  a  moderate 
amount  of  attenuation  occurs  in  each  of  the  elements  of  the  line,  (30)  may  be 
simplified  to 


For  mismatch  ratios  of  greater  than  50  to  1  and  attenuations  of  at  least  1  db 
per  section,  (31)  will  be  in  error  by  less  than  ten  percent.  In  addition,  no 
great  error  will  be  involved  in  using  (31)  even  for  the  low>loss  case  unless 
the  electrical  length  of  one  or  the  other  of  the  elements  of  the  line  is  nearly  an 
integral  number  of  half -wavelengths. 

On  the  basis  of  the  foregoing  discussion,  several  generalizations 
can  be  formulated  regarding  the  behavior  of  a  quasi-lumped  transmission 
line  over  the  entire  frequency  range. 

(1)  In  the  low-frequency  range  the  attenuation  of  such  a  line  wilt 
be  relatively  low  and  will  be  approximately  equal  to  the  sum  of  the  dissipa¬ 
tive  losses  in  the  elements  which  comprise  it. 

(2)  At  higher  frequencies  the  attenuation  will  rise  more  rapidly 
than  the  losses  of  the  individual  elements  because  of  the  mismatch  loss 
resulting  from  phase  shift  in  the  line  sections. 

(3)  As  the  frequency  approaches  that  at  which  the  individual 
elements  represent  a  quarter-wavelength,  the  attenuation  of  the  composite 
section  passes  through  a  peak. 

(4)  The  attenuation  then  decreases  with  rising  frequency  until 
the  point  at  which  each  element  represents  a  ha>f -wavelength  at  the  signal 
freqviency.  The  value  of  the  attenuation  at  this  minimum  point  is  a  function 
of  the  losses  of  the  two  elements  and  will  usually  be  greater  than  thsir  sum. 

(5)  At  still  higher  frequencies  the  attenuation  displays  a  cyclical 
variation  wit'  peaks  occurring  at  frequencies  corresponding  to  odd  numbers  of 
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quarter -wavelengths  and  valleys  at  frequencies  corresponding  to  even  numbers 
of  quarter  wavelengths. 

(6)  In  a  physical  line,  the  amplitudes  of  successive  fluctuations 
tend  to  decrease  progressively  as  the  attenuations  of  the  elements  increase 
with  frequency. 

(7)  The  attenuation  characteristic  of  the  composite  line  oscillates 
about  a  curve  whose  value  is  equal  to  the  sum  of  the  attenuation  of  the  two 
elements  plus  twice  the  mismatch  loss  between  their  characteristic  impedances. 

In  order  to  get  a  more  quantitative  idea  of  the  behavior  of  such  a 
line,  a  specific  value  of  K  was  assumed.  Figure  9  gives  a  family  of  curves  of 
the  maximum  and  minimum  values  of  attenuation  in  terms  of  the  attenuation  of 
the  individual  elements  calculated  for  a  value  of  K  equal  to  1000.  The  minimum 
value  of  attenuation  will  occur  only  if  both  lines  represent  an  Integral  number 
of  half -wavelengths  at  the  same  frequency.  The  same  may  be  said  for  the 
maximum  value.  One  interesting  feature  is  the  fact  that  for  a  given  attenua¬ 
tion  of  the  Individual  elements,  the  attenuation  bf  the  composite  line  will  be 
greatest  if  each  section  has  the  same  loss  as  the  other.  Between  the  curves 
giving  the  \q>per  and  lower  limits  of  the  composite  attenuation,  a  curve  is 
drawn  which  is  equal  to  the  sum  of  the  individual  attenuations  plus  twice  the 
mismatch  loss.  This  curve  represents  an  asymptote  which  both  (sts  of  curves 
approach.  It  should  be  noted  that  for  each  value  of  K  a  nsw  set  of  curves 
could  be  generated. 

Although  a  complete  design  specification  cannot  be  found  by  use  of 
the  above  analysis  the  curves  can  be  ussd  to  obtain  the  minimum  values  of 
individual  attenuation  necessary  to  insure  that  the  total  attenuation  will  remain 
above  a  specified  limit  as  the  frequency  is  varied.  Specification  of  the  design 
parameters  for  a  line  of  this  type  will,  in  general,  be  an  empirical  process 
involving  a  number  of  compromises.  However,  some  suggestions  might  be 
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made  which  should  facilitate  the  process  and  minimise  the  number  of  burden¬ 
some  calculations  which  must  be  performed. 

In  most  applications,  the  required  length  of  the  overall  line  will 
be  known.  Determination  of  the  number  of  sections  into  which  this  length 
should  be  divided  will  involve  a  compromise  among  several  factors.  Close 
agreement  between  the  theoretical  performance  capabilities  described  above 
and  the  behavior  of  an  actual  line  requires  that  the  line  contain  a  large  number 
of  identical  composite  sections  in  cascade.  However,  fabrication  of  a  line 
becomes  more  difficult,  and  perhaps  even  impractical,  if  an  unduly  large 
number  of  sections  is  specified.  Furthermore,  the  range  of  values  particu¬ 
larly  of  the  reactive  parameters,  which  can  be  rsaliaed  in  a  reasonable  line 
configuration  is  limited  by  available  materials  and  techniques  and  this,  ir 
tum,  restricts  the  extent  to  which  each  section  can  be  shortened  while  'i 
obtaining  adequate  phase  shift  over  the  frequency  range  of  interest,  Nev-  t  < 
theless,  it  is  suggested  that  the  line  be  divided  into  as  large  a  number  <  i 
sections  as  is  feasible  and  that  a  minimum  of  perhaps  five  composite  sections 
is  necessary  if  reasonable  agreement  between  theoretical  results  e.nd  actual 
performance  is  to  be  obtained. 

ATTENUATION  MEASURBMENTS 
Measurement  Techniques 

The  attenuation  of  a  transmission  line  may  be  determined  by  a 
measurement  of  the  input  impedance  of  a  line  under  open>circult  and  short- 
circuit  load  conditions.  If  the  open-circuit  input  impedancs  is  denoted  by 
and  the  short-circuit  input  impedance  by  then  ths  propagation 

constant  of  the  line  will  satisfy  the  following  rel  ’.tionship: 

f /x  (12) 
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This  equation  can  be  solved  to  determine  ^  and  thus  . 

As  CC  increases,  however,  the  input  impedance  under  any  load 
conditions  approaches  the  characteristic  In^edance  of  the  line.  It  then 
becomes  difficult  to  determine  the  line  parameters  by  a  measurement  of  the 
input  impedance. 

An  alternate  scheme  has  been  devised  to  make  these  determinations. 
For  an  open>circuit  load,  the  magnitude  of  the  ratio  of  receiving  end  to  sending 
end  voltages  can  be  shown  to  be 

For  cos2|fi-/,  the  attenuation  may  be  approximated  by 

For  values  of  /t  <  0.f>,  this  can  be  further  simplified  to 

2f  A.  (35) 

with  better  than  one  percent  accuracy. 

Experimental  Results 

The  eiqiterimental  setup  for  both  voltage  and  impedance  measurements 
is  shown  in  Figure  9.  A  ground  plane  of  1/32"  copper  sheeting  was  placed 
on  a  bench>top,  with  all  of  the  instruments  and  the  line  under  measurement 
being  grounded  to  this  plane.  The  following  will  give  the  results  of  measure¬ 
ments  performed  upon  certain  of  the  lines.  The  attenuation  values  given  for 
these  lines  were  in  most  cases  derived  through  a  measurement  of  the  ratio  of 
input  and  output  voltages  under  open  circuit  load  conditions.  Impedance  measure¬ 
ments  were  generally  mads  to  obtain  a  check  of  the  attenuation  at  one  or  two 
frequencies  at  the  low  end  of  the  frequency  band. 
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The  first  line  which  was  fabricated  and  measured  was  a  strip  RC 
line.  The  response  of  this  line  as  a  function  of  frequency  is  shown  in 
Figure  10.  Included  is  the  theoretical  response  of  a  line  with  the  measured 
values  of  R  and  C  determined  by  input  impedance  measurements.  The  con¬ 
stancy  of  the  attenuation  at  frequencies  above  one  megacycle  is  due  to  the 
presence  of  inductance  which  is  neglected  in  the  theoretical  derivation. 

The  results  obtained  with  several  additional  line  types  are  shown 
in  Figure  11.  Included  in  this  Figure  ij  the  response  of  the  RC  line  for 
comparison.  The  lumped  element  line  Indicated  consisted  of  series  coils  and 
shunt  capacitors  with  a  theoretical  attenuation  of  3  db/section  at  320  kilocycles. 

Attenuation  measurements  performed  upon  the  two-layer  lines  which 
were  fabricated  indicated  that  little  correlation  existed  between  the  theoretical 
and  obtained  values  of  attenuation.  One  of  the  main  difficulties  encountered 
with  all  models  of  the  two-layer  line  was  the  prohibitively  high  value  of  series 
resistance  which  was  present.  In  one  strip  line,  the  series  resistance  at  dc 
was  measured  as  190  ohms.  In  addition,  the  conducting  epoxy  which  was 
employed  as  the  conducting  medium  was  found  not  to  meet  the  specifications 
of  the  manufacturer.  One  type  was  found  to  have  a  resistivity  four  ordsrs  of 
magnitude  greater  than  the  manufacturer's  literature  claimed.  It  is  felt, 
therefore,  that  a  good  physical  model  of  the  two-layer  line  has  not  yet  been 
constructed.  In  addition,  it  should  be  noted  that  the  requirements  on  the 
material  as  indicated  in  Table  1,  may  preclude  the  construction  of  the  type 
of  two-layer  line  described  here. 

Some  of  the  most  interesting  lines  tested  were  gelatinous  filler 
lines.  Five  different  types  of  filler  were  tested.  The  compositions  of  the 
filler  are  given  in  Table  3.  The  attenuation  of  these  lines  as  a  function  of 
frequency  are  shown  in  Figure  12.  R  will  be  noted  that  the  variation  in 
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attenuation  as  a  fiuiction  of  frequency  is  much  more  rapid  than  the  one-half 
power,  at  least  until  the  high  frequencies  are  reached.  Thit  appears  to  be  due 
to  the  variation  in  the  resistivity  of  the  material  as  a  function  of  frequency. 

For  the  purposes  of  attenuating  lines,  this  variation  is  in  the  proper  direction, 
i.e.  the  resistivity  decreases  with  increasing  frequency.  Once  again,  it  can  be 
seen  that  the  attenuation  tends  to  become  constant  at  frequencies  above  one 
megacycle. 

Recent  efforts  have  been  concerned  with  two  commercially  manu¬ 
factured  types  of  cable.  The  first  is  fabricated  with  a  conducting  polyethelyne 
dielectric.  The  second's  dielectric  is  a  conducting  silicone  rubber  compound. 
Receipt  of  these  lines  was  only  recently  made  and  the  initial  results  are  reported. 
Portions  of  both  of  these  cables  were  braided  with  a  one  hundred  percent 
coverage.  Preliminary  indications  are  that  neither  of  these  cables  will  meet 
the  contract  requirements  as  far  as  the  exact  attenuation  requirements  are 
concerned.  However,  it  can  be  seen  that  the  variation  of  attenuation  as  a 
function  of  frequency  <s  approximately  as  predicted.  The  responses  of 
several  of  these  commercially  fabricated  lines  arc  shown  in  Figure  13. 

Included  in  this  figure  are  the  results  of  measurements  on  a  polyethelene 
dielectric,  copper  braided  line,  and  two  rubber  dielectric  lines.  Uf  these 
latter  two,  one  was  braided  while  the  other  used  a  mixture  of  conducting 
paste  and  a  silicon  adhesive  as  the  outer  conductor. 

CONCLUSIONS 

The  feasibility  of  using  the  signal  leads  to  an  electroexplosive  device 
to  provide  attenuation  to  unwanted  rf  energy  has  been  analytically  demonstrated. 
For  a  conventional  line,  however,  attenuation  above  the  pass-band  will  increase 
at  a  rate  no  greater  than  the  square  root  of  frequency.  The  use  of  a  double - 
layer  line  will  in  theory  allow  this  to  tw  increased  to  the  second  power  of 
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frequency.  However,  the  practical  Hifficultiea  of  fabricating  such  a  line  may 
not  allow  full  benefit  to  be  derived  from  its  use.  If  reflective  losses  are 
permitted,  a  theoretically  Infinitely  sharp  cutoff  can  be  achieved.  Such  a 
cutoff  will,  however,  give  higher  frequency  pass 'bands. 

Commercially  fabricated  lines  have  demonstrated  that  attenuating 
lines  can  be  constructed.  The  tines  tested  thus  far  have  not  fully  met  the 
design  specifications.  If,  however,  the  cost  of  such  lines  is  not  prohibitive, 
the  amount  of  attenuation  which  has  been  achieved  should  allow  the  use  of 
ordnance  devices  in  higher  intensity  field  strength  areas  than  is  presently 
possible.  Further  investigation  of  fabrication  techniques  should  allow  the 
original  design  goals  of  this  program  to  be  met.  It  is  felt  that  the  incorporation 
of  such  lines  into  new  systems  would  be  of  definite  benefit  to  the  HERO  program. 
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fw.  19  Response  or  fAtWCATCO  UHCS 


28.  HIGH  VOLTAGE  WTBIID  INITIATORS 

Lsonaird  Kats,  Rocketdyn#,  Dlv.  of 
North  American  Aviation  Corp. 

Canoga  Park,  California 

The  paa;  few  Tears  have  Men  the  rapid  devalofMOt  of  iMi  faaillae 
of  aleetro-exploalTe  davicaa.  Thle  derolepeit  ie  neeeeeltaied  tgr 
Ineroatlag  aebjeetlon  of  tboM  aleetro^eploaiTt  deeloee  to  iaadverteni 
firing  fegr  other  than  the  proper  ceaMnd  slipials.  The  leproper  algeale 
■Ight  be  eontrlboted  by  poeorfhl  Kf  flelde,  by  etroeg  dyetaa  eerraate 
or  Toltageef  or  ty  errmaons  alactrleal  eoBMetioDS.  A  leaMr  aaghealeed 
bet  quite  real  hasard  Is  the  possibility  of  flrlag  a  Mlt  kgr  atatie 
dlaoharga  pla-to<1)iii  and  pln-tonravi^ 

Om  of  tha  aafa  faaUlea  has  been  attained  by  Mdarato»  eaelattoaaiy 
*epcradla|f  of  the  eaamatiaaal  bridge  wire  dsvieaSf  i.e.,  tha  1  mpt 
1  «ett  Bo«flraf  b  aa^  ail«flre  unit.  Frapoaeaita  of  tide  lapraaad  elaas 
point  to  the  falloalag  adrantafast 

1.  Tha  BO>flra  espebllltlaa  are  aora  than  adaqeata  aeraes 
RP  fields. 

2.  There  la  nagllglbla  aeaeaptibllity  to  pto-ta  grtaad  etatlo 
dlaeharga  firing. 

}.  Thera  are  no  sleetrleal  eaenaeter  or  elaetrlaal  traanlaslaa 
llM  dlffUeltiasi  ao  slaetrieai  ayatae  altaratlans  are 
raqairod  (talstad,  abialdsd  pairs  are  aaswad). 

4.  A  elnple  28  volt  sepply  is  all  that  la  reqeiradi  no  blaek 
bans  naedad. 

$,  An  eatonalae  baalvwBid  of  aterafa,  seraeillanN  and  bahsvisr 
data  exista. 
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The  disedTanteges  include > 

1.  Sanger  of  being  fired  inadTartentlj  bgr  api^eatioB  of 

available  exeetaiva  powr;  i.e.,  plmaiBg  in  of  high  voltage 
(Tateaa  ehieh  mmj  be  a  portion  of  the  ■Itaile  iTStea  or 
ground  aupply. 

i  aeeond  safe  faMHy  of  eleetro-exploaiTO  doTicaa  ie  the  li^edlng 
Bridge  Wire  groupt  knowi  varioualj  aa  IBM,  ZB,  High  ▼oltage,  and  othara. 
There  have  been  nap/  oontribotiona  to  thia  developawnt  and  mmj  faeeta 
to  the  reaultant  eharaeteriatie  featarea.  Baaiealljr,  tiiongh,  the  aait 
featnrea  a  flae  bridge  wire  through  vliieh  a  great  memt  of  eleetrieal 
enercr  ia  paaaed  in  a  venr  abort  tiee,  Thie  enercr  ie  aaaalljr  proaidoit 
bgr  the  diadiarge  of  a  eapaeitor  threegh  the  «lre»  Vhtn  the  energp 
peloe  hita  the  wire,  the  wire  ia  aaid  to  "explode*  with  a  reaeltant 
eheek  wave  which  ean  ialtlate  relativeljr  inaanaltlTe  expleaivaa. 

Neat  of  the  uita  !■  thla  fiBiljr  inelade  ealtap  hlaekifig  dewieea  to 
protect  the  wire.  The  advantagaa  ineladet 

1.  The  aao  of  rolativelp  iaeanaitiee  ax^otive  aatorial. 

2.  Kxnellant  ae-flro  eharaeteriatiea  aader  a  Uda  raaga  of 
relatieelp  high  eeltagaa,  toaperaterea,  BT  aad  aback. 

3.  iHgh  aianltanaitx  eapahillt^. 

The  dicadraBtagea  ineladet 

1.  foeaibllitj  of  dadding  whan  eahjeetod  to  eartain  ne^flre 

wslaaa  if  hloekiac  daei  aea  are  ahoent  or  rendered  incperatiwa. 
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2,  PermissiblA  trtnsalttlon  line  lengthe  Irm  the  power  source 
(eondeneer)  to  nilt  ere  quite  short  (approx.  ii  ft.  ux.  length). 

3.  A  wultlplieitsT  of  black  box  tachBiquas  is  reqaired  to  provida 
condenser  charge  as  needed,  bleed  as  needed,  ai»l  discharge 

as  Meded,  Ineladlng  proteeticn  of  ths  triggering  device. 

It.  >ew  connector  developeents  are  reqnired. 

Because  of  ths  varioas  interpretations  of  the  AnSTC  "Staadarda  with 
Regard  to  Rf  Ratiatien  Haaards*,  a  new,  third  group  of  olee1uro<explosiTa 
deviees  is  devolopittg. 

One  of  the  interpretations  of  the  inffC  pelie/  letter  regarding  range 
safetT  is  a  stipulation  that  a  enit  anst  net  fire  upon  the  plication 
of  one  watt  for  five  nlnates  and  one  anpere  five  nlBetes  aa  applied 
directly  to  the  bridge  wire,  without  the  use  of  veltaga  bloeks  or 
shunting  davieea.  Duddlag  la  aeeoptablo.  For  these  who  aeeept  duddlag 
of  the  unit  aa  a  eenaoqueneo  of  the  oae  watt<eM  aupere  truataant,  eae 
of  the  BW  wits  with  voltage  bloeklag  davieea  would  be  adequate, 
for  thoae  who  do  not  or  eaanet  aeeept  duddlag  of  ths  uolt,  aid  who  alao 
require  a  high  voltage  oapabllltj,  a  now  olaas  has  been  davwlopod, 

ht  the  abaeaee  of  any  preeoat  aeaenelsture,  Z  bavo  boon  roferrlag  to 
this  eategory  as  Sigh  Toltage  Bjbrld  laltiaters. 

The  hybrid  ailt  eenbiaea  swot  of  the  aajer  advatagas  of  the  ^  claeees 
just  doserlbod.  Typically,  It  has  a  ae^flre  voltage  higher  then  Mat  of 


28-3 


tha  hlg)w8t  •▼•ilabl*  groimi  airport  or  OTotoa  pcMor.  I^io  iio»firo 
(aaoallp  obovt  230  Tolt  AC  106  tyatoM)  It  oeeM^ithod  bjr  dlodtt^ 
gi^(  or  tiailar  rolt«|t  bloeklBC  dtrlato.  Aa  ttpoelal  note  htroi 
Tho  drri  «■  flro  ta  a  eenatqnanea  of  oppUad  poMor.  If  tha  powtr  (whieii 
■taaU]r>  In  tMo  eentextt  Mtat  boat)  can  ba  ditaipatedt  rathar  than 
"Uoekod*,  tba  anlt  voold  bo  olnplor.  n*  ro^airod  flrlne  Toltefo  la 
aotN  hlgbtr  aaoanti  eonolatent  with  aafaty,  rollahlllty  and  typa  of 
powtr  aappl^.  Tba  brld|t  wlra  portion  lo  tbo  eonaontianal  oat  ai^  ne-flrO( 
b  aap  flro  aait. 

Tba  adraBtacao  ineladai 

1.  Kaatlnc  all  ra<iairoMate  of  Xanft  SafOty  AIHIC,  without  daddlnf, 

2.  Ota  of  aatabliabtd  (wall«doeatMnted)  pjroteohniet. 

3.  If  firing  woltafto  art  kopt  ralatlToly  low  (1000  walte  or  lata, 
prafarabljr  500)  tranofonwra  ean  ba  aaodi  alinlaatlng 
tronaadoaian  lint  loagth  werrloa,  trlnorlag  dawloaoi  and 
aaaeeiated  teohnlgoott 

b<  >0  vonnaetor  probloM* 

Tha  diaadwtegat  Ineladai 

1,  Tba  datenating  tjpoa  of  dowlaa  weold  not  baao  an  inaonaltlao 
wterlal  in  liaa  of  tba  prtiair  uplaalao. 

fo  ttw  praaanting  of  tba  elaoaoo,  tbalr  adwantagaa  and  diaadfantagati 
tha  1  latinga  hawa  btan  parpoaoly  bopt  to  tba  najor  polnta.  In  tba  aoM 
aanait  thara  baaoboon  aaeidod,  for  tba  tteo  of  browitp,  tbo  nenttala 
to  oaeh  of  ^  m  diaadvantapa  llated* 
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For  instanet.  In  discussing  the  disadrsntages  of  the  short  transnlaslon 
line  length  In  EEV  devloss,  a  rebuttal  would  be  that  wild  detonating 
fuse  can  be  used.  (Hlld  detonating  fuse  Is  a  cord  with  an  explosive 
material  disseminated  along  Its  length.  It  transmits  explosive  shock 
waves.)  The  rebuttal  to  the  rebuttal  would  be  that  MDF  met  be  replaced 
after  each  testf  that  KDP  transmits  shock  and  that  If  deflagratlen  la 
required  rather  than  detonation,  an  additional  pyrotechnic  technique 
is  necessary  -  etc.  and  so  on  for  each  of  the  possible  solutions. 

For  those  who  are  Interested  In  the  tpeeifle  details  of  the  hybrid  unit, 
there  are  herein  listed  some  of  the  major  operating  eharacterlstica  of 
the  Igniter  unit  of  the  solid  propellant  gas  gansrator  used  for  starting 
the  turblns  on  Hocketdyne'a  M-1,  Saturn  engine.  (Soft  Though  the  unit 
described  11  ts  the  hybrid  definition,  the  oonventlenal  bridge  wire 
portion  of  this  particular  unit  la  not  a  one  a^  no«flro,  k  amp  fire  unit} 
it  is  of  sliilttly  loner  no-fire,  all-fire  amperage.  The  mnlt  has  been 
In  use  for  ever  three  years.  Upgrading  it  to  the  full  1  a^p,  1  watt 
no-fire  would  require  only  a  formal  request  to  the  vendors  to  provide  the 
available  1  amp,  1  watt  portion.) 

Mo-flre  eharaeterlstiesi 

Pin  to  Pin  and  Bo^>  Fine  Individually  to  tha  Initiator  Case  Qronnd 

1,  36  F.  DC  from  0.1  ohms  impedance  or  leas.  The  laqpedanea 
between  the  power  eai^ly  and  Initistre  shall  be  held  to  0,1 
ohms  or  less, 

2,  115  F.  AC  60  cycle  from  a  power  supply  capable  of  delivering 

3  amperes  eentlneonaly  with  5  percent  voltage  regulation.  The 
impedance  between  the  power  supply  and  Initiator  shall  be  held 
to  0,2  ohms  or  loss. 
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3.  250  V.  AC  60  cycle  power  supply  capable  o£  dellTerlng  3  amperes 
continuously  with  5  percent  Toltago  regulation.  The  liqpedanee 
between  the  power  supply  and  the  initiator  shall  be  held  to 
0.3  ohms  or  less. 

b.  115  T.  AC  boo  cycle  power  supply  c apable  of  delivering  3  amperes 
continuously  with  S  percent  voltage  regulation.  The  Impedance 
between  the  power  supply  and  the  Initiator  shall  be  held  to 
1.0  ohms  or  less. 

5.  350  V.  AC  boo  cycle  power  supply  capable  of  delivering  3  amperes 
continuously  with  5  percent  voltage  regulation.  The  Impedsnoe 
between  the  power  supply  and  initiator  shall  be  held  tn 

1.0  ohma  or  leas. 

6.  Qischargs  from  a  one-microfarad  capacitor  charged  to  500  volts. 

7.  Discharge  of  1,000,000  ergs  minimum  from  approximately  a 

500  mlcro-mierofarad  capacitor  charged  to  approximately  20,000 
volts.  The  capacitor  and  voltage  values  may  vary,  but  the 
adjustment  to  obtain  ths  1,000,000  shall  be  according  to  the 
fallowing  equationi  1,000,000  ergs  «  1/2  x  oaplcator  rwtlng 
in  farads  x  (voltage)^  x  10^. 

8.  250  Volts  AC  with  no  current  limitations  other  than  the 
initiator  shall  be  applied  to  the  bridge  wire  circuit  for  a 
period  of  5.0  minutes.  The  Initiator  shall  not  operate. 

All-fire  characteristlest 

1.  500  Volts  AC  with  no  current  llmltatiooB  other  than  the 
Initiator  shall  be  applied  to  the  bridge  wire  circuit.  The 
initiator  shall  operate  satisfactorily. 
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HIGH  VOLTAGE  HYBRID  INITIATORS 

250  VAC  NO  FIRE- 500  VAC  FIRE 


29.  DEVELOPMENT  OF  RF  PROTECTED 
ELECTRO-EXPLOSIVE  DEVICES 

Frederick  M.  Correll 
Picatlnny  Arsenal,  Dover,  New  Jersey 

Many  electro-explosive  devices  (EED)  utilized  in  weapon  systems  have 
been  shown  to  be  vulnerable  to  electromagnetic  radiatio''  emanated  from  radio 
and  radar  transmitters.  The  results  of  a  premature  Initiation  of  an  EED  can 
be  the  unprogramned  launching  of  a  missile,  detonation  of  a  warheiu,  premature 
stage  separation,  or  any  one  of  a  series  of  events  commenced  by  an  EED.  Alsi, 
an  EED  can  be  rendered  unreliable  after  being  subjected  to  current  below  the 
firing  level  for  an  extended  period  of  time.  This  Is  no  less  serious  than 
premature  Initiations  In  some  systems. 

In  order  to  alleviate  the  possibility  of  prestature  Initiation  or  change 
In  sensitivity  of  an  BED  due  to  electroaMgnetlc  energy,  we  have  endeavored 
to  Mke  all  bed's  "R7  Proof".  The  snst  obvious  solution  Is  to  discard  all 
bed's  and  utlllae  non-olectrlc  Initiators  only.  Hcwever,  the  many  advantages 
Inherent  to  EED's  such  as  small  sice,  light  weight,  cheapness,  reliability 
and  relative  simplicity  made  them  highly  desirable  when  compared  with  non- 
alectrlc  Initiators. 

In  a  study  of  solid  state  matarlals.  It  was  observad  that  some  of  these 
materials  act  as  broadband  HP  absorbers  or  attenuators.  The  advantages  of 
utlllrlng  attenuator  materials  for  BP  protactlon  ere  swny.  First,  these 
sMtcrlals  can  bo  Incorporated  within  the  existing  axtarlor  configurations 
of  Initiators  with  no  graat  difficulty  and  at  reasonable  cost.  This  Is 
accomplished  by  substituting  a  plug  composed  of  the  attenuating  matarlal 
In  placa  of  the  plaetlc  saallng  plug  through  which  the  lead  wires  pass. 
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No  external  device  or  fitting  is  necessary  thus  eliminating  the  possibility 
of  a  faulty  c'ssembly  which  would  provide  no  RF  attenuation  at  all  or  possibly 
oven  attenuai-:  or  short  out  a  normal  firing  pulse.  Since  the  material  compressed 
info  the  attenuating  plug  is  a  single  component  device,  it  is  far  more  reliable 
than  multi-component  filtering  devices.  Another  advantage  is  that  there  are 
no  resonant  points.  Other  Important  advantages  in  the  utilization  of  RF 
attenuators  are  that  this  approach  can  be  univcisally  applied  to  all  initiators; 
no  additional  space  or  weight  requirement  is  necessary;  and  this  is  a  low  cost 
solution. 

Requirements  for  the  RF  attenuating  material  to  be  utilized  in  EED's 
were  set  up  as  follows. 

a.  It  must  provide  adequate  attenuation  of  RF  energy. 

b.  It  must  not  significantly  alter  the  .normal  firing  response  of  the  EED. 

c.  It  must  be  easily  molded  or  formed  into  configurations  and  sizes 
Identical  to  those  of  the  plug  it  replaces. 

d.  When  assembled  into  an  EED,  the  EED  must  still  be  capable  of  passing 
all  functioning,  reliability,  environmental  stability,  rough  handling  and 
other  required  MIL  Standard  Tests. 

e.  In  all,  the  attenuator  plug  must  meet  all  of  the  requirements  met 
by  the  orginal  plastic  plug  and  in  addition  must  provide  significant  RF 
absorption. 

The  material  selected  was  phosphated  powdered  iron  which  orglnally  was 
mixed  with  expoxy  resin  binder  and  isolded  at  high  pressures.  However, 
product  refinement  by T nc  Franklin  Institute  has  led  us  to  a  standardized 
product  ptepared  as  fallows.  Thi  iron  powder  utilized  is  pure  10  micron 
ir.ui  powder  made  by  the  carbonyl  process.  The  iron  poatder  is  then  insulated 
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by  wetting  It  with  acetone;  adding  a  stock  solution  of  dilute  phosphoric 
acid  to  the  wetted  powder;  and  stirred  until  dry  under  a  heat  lamp.  The 
molding  powder  is  pressed  into  plugs  at  pressures  well  over  50,000  psi. 

These  high  pressures  are  necessary  In  order  that  the  concentration  of  Iron 
powder  in  the  plug  be  high  so  that  high  attenuation  values  are  obtained. 

This  is  exemplified  in  Figure  1  which  shows  the  dependency  of  attenuation 
upon  density  by  the  very  steep  slope  of  the  curve. 

The  first  item  to  be  provided  with  RF  protection  was  the  T24E1  detonator 
shown  in  Figure  2.  This  detonator  was  provided  with  protection  because  It 
was  the  most  sensitive  (300  ergs)  Army  wirebrldge  EED.  The  lead  wires  which 
pass  through  the  phenolic  plug  are  kinked.  Figure  3  shows  the  attenuated  T24S1 
detonator,  'lie  phenolic  plug  was  eliminated  and  an  attenuator  plug  substituted. 
Tbvre  is  absolutely  no  difference  In  the  shape  or  distensions  of  the  plug  or 
of  the  Initiator.  The  only  difference  Is  that  the  lead  wires  are  now  tapered 
instead  of  being  kinked.  This  change  was  necessary  because  the  high  pressure 
necessary  for  molding  the  attenuator  plug  caused  breaks  In  the  kinked  wires. 
Insofar  as  pull*out  strength  is  concerned  there  was  no  loss.  Results  of 
extensive  engineering  tests  on  the  RF  protected  T24B1  detonator  showed  chat 
there  Is  absolutely  no  difference  between  these  two  detonators  except  that 
the  attenuated  detonator  provides  around  IS  db  of  attenuailoe  at  30C  me 
whereas  the  original  detonator  provided  none.  Figure  4  shows  attenuation 
vs  frequency  for  the  .13  l:tch  RF  attenuator  plugs  for  the  T24E1.  Note  how 
Che  steep  slope  of  th-j  curve  gives  us  very  high  attenuation  values  at  high 
frequencies  but  very  low  attenuation  at  low  frequencies.  We  are  attempting 
to  correct  this  low  frequency  deficiency.  The  RF  protected  T24E1  detonator 
has  entered  the  production  engineering  phase  of  its  development. 
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Figure  5  shows  the  T20E1  detonator.  It  i.s  very  similiar  to  the  T24E1 
detonator  except  that  the  spot  charge  Is  colloidal  lead  azide  instead  of 
milled  lead  styphnato  which  makes  the  normal  functioning  energy  5,000  ergs 
rather  than  500  ergs  as  required  for  the  T24E1  detonator.  Figure  6  shows 
the  R’’  protected  version  of  the  T20E1  detonator.  Attenuation  values  for  the 
RF  attenuator  plug  for  the  T20C1  are  Identical  to  the  T24E1  plug. 

The  T77  wlrebrldge,  button-type  electric  detonator  Is  shown  in  Figure  7. 
T..LS  detonator  was  the  first  of  Its  kind  to  be  provided  with  RF  protection. 

The  changes  In  design  for  the  RF  protected  T77  detonator  Included  the  deletion 
of  the  formvar  coating  and  araldltc  bonding  between  the  pin  and  plug;  and  the 
addition  of  a  steel  cup  for  holding  the  attenuator  which  was  required  for 
assembling  the  brldgewlre.  This  Is  shown  In  Figure  8.  Figure  9  la  an 
attenuation  vs  frequency  curve  for  the  .125  Inch  long  pHigs.  A  pilot  lot 
testing  program  carried  out  with  the  RF  protected  T77  detonator  proved  It  to 
be  practically  Identical  with  the  unattenuated  version  In  functioning,  sensi¬ 
tivity,  environmental  stability  and  ability  to  withstand  rough  handling.  RF 
attenuators  have  been  provided  for  the  N‘2  Hod  0  and  MK7  Hod  0  ignition 
elements  under  Navy  sponsorship.  The  M(7  Mod  0  Ignition  elsment  is  shown  In 
Figure  10.  Figure  11  shows  the  RF  protected  version.  Modification  of  the 
IK7  Mod  0  electrode  to  a  tapered  shape  was  to  permit  molding  the  attenuator 
plug  and  also  to  permit  the  element  to  withstand  the  50,000  psi  blowback  test. 
The  grove  added  below  the  tapered  portion  holds  the  attenuating  swterlal  in 
place  during  assembly.  Complete  functioning,  sensitivity,  reliability  and 
rough  handling  tests  have  established  that  there  Is  no  degradation  In  perform- 
anca  with  this  RF  protacted  ignition  eleswint  In  comparison  with  the  unprotected 
version  except  that  it  provides  the  attenuation  shown  In  Figure  12. 
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RF  attenuators  have  been  provided  for  the  M6  blasting  cap,  M2  squib, 
M36A1  detonator,  XM66E2  detonator,  MSI  detonator,  and  177  conductive  nix 
detonator.  However,  extensive  pilot  lot  studies  have  not  been  conducted 
on  these  Items. 

The  new  Army  electric  blaatleg  cap,  the  M6,  Is  shown  In  Figure  13. 

Figure  14  shows  the  RF  Protected  M6  Blasting  Cap  utilising  a  new  non* 
proprietory  Ignition  mix.  The  attenuation  provided  by  the  attenuator  plug 
la  necessarily  much  greater  than  any  of  those  before  mentioned  bacauaa  of 
Its  almost  three  fold  length  Increase  over  the  longest  attenuator  plug 
Incorporated  Into  BED'v  up  to  this  tlsM. 

Production  engineering  etudlas  are  presently  being  planned  for  the  IF 
protected  version  of  the  M2  squib  utilised  In  many  rocket  Igniters  and  the 
M36A1  detonator  utilised  in  VT  fuses.  The  IF  protected  versions  of  the  M2 
squib  and  M3tAl  era  showr  FIt,uraa  IS  and  16  respectively.  Alio  the  XM66B2 
detonator,  utilised  In  the  Type  19  Spotting  Device  has  recently  been  provided 
with  IF  protection. 

All  of  the  prevloualy  deicribed  SID's  which  have  been  provided  with  IF 
protection  were  wlrebrldge,  efae  lead  Itane  except  for  the  T77  detonator  and 
the  MU  ModO  and  1K7  Mod  0  Ignitloa  aleiMnts.  Studlai  have  boon  conducted 
on  a  piggy  back  design  of  the  phospbatlsed  Iron  on  top  of  bekellte  for  the 
IF  protected  MSI  carbon  bridge,  wire  lead  detonator.  This  design  Is  shewn 
In  Figure  17.  Also  an  actanuatad  face  gap  ping  design  with  a  spot  charge  of 
gold  and  colloidal  lead  aside  to  wake  up  an  IF  protected  T77  conductive  nix 
detonator  has  been  studied  and  Is  shewn  la  Figure  18. 

Presently  studies  are  being  neda  to  Incorporote  ferrites  such  as 
Carranag  27  and  T1  Into  the  HAIl  detonato',  M2  squib  and  M6  blasting  cap. 
Theca  neteriali  exhibit  superior  low  frequency  ettenuatlon  to  that  provided 


by  the  present  phosphatized  powdered  iron.  We  are  also  studying  organic 
polymeric  semiconductors  which  show  promise  of  good  broadband  attenuation 
under  contract  with  Midwest  Research  Institute. 

The  work  previously  described  was  carried  out  with  support  from  The 
Franklin  Institute,  Atlas  Chemical  Industries,  and  Atlantic  Research 
Corporation. 

Our  goal  Is  to  provide  the  munitions  designer  with  safe,  reliable  EED's 
which  are  safe  from  electromagnetic  radiation.  We  can  at  the  present  time 
come  close  to  realizing  this  goal  with  the  promise  of  coming  even  closer  In 
the  near  future.  In  the  meantime,  we  are  doing  our  utmost  to  make  available 
the  products  of  the  present  state-of-the-art. 

(Discussion  sppsars  in  Suppleaant,  Section  55<) 
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T77  ELECTRIC  DETONATOR  RF  PROTECTED  T77  ELECTRIC  DETONATOR 
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30.  THE  LOSST  VILTER  AND  ITS  APPLlCmON 
TO  PROTECTION  OF  ELECTROMAGNETIC  R^vDIATION 
SENSITIVE  ORDNANCE  DEVICES 

By 

Merrill  0.  Murphy 
Sandla  Corporation,  Dlvlalon  142* 

Sutmarv 

The  requirement*  placed  on  a  filter  for  protection  of  radiation  aanaltlve  weapon 
device*  are  dlacuaaed  In  aoiee  detail.  The  problem*  brought  about  by  thoaa  requlra- 
ment*  ara  deacrlbed  and  aolutlona  are  dlacuseed.  Tha  loaay  farrlta  cora  material 
1*  advocated  a*  a  maan*  of  maatlng  the  unknown  impadanca  driving  aource  and  load 
condition*.  U*a  of  'chi*  matarlal  and  It*  haat  alnklng  1*  daacrlbad.  An  actual 
multlchannal  filter  using  farrlta*  la  described  and  a  test  program  1*  briefly 
outlined  to  Indlcet*  tha  test  procedure*  necessary  to  obtain  a  reliable  product. 

Hbltlchsnnel  lossy  filter  packages  are  being  davalopad  at  Sendla  for  several 
weapon  application*.  b  of  these  filtar*  must  swat  certain  raqulramant* 
peculiar  to  the  weapons  fiald.  These  special  raqulramsnts  era: 

1.  Attenuation  Over  a  Wide  Frequency  Bangs. 

Each  filtar  channel  nust  provide  at  least  30  decibel*  of  attanuatlon  to  radio 
frequency  currents  In  the  fraquaney  range  of  ena  megacvela  to  SO  megacyclat. 
Below  ona  megscyela  and  above  30  megacycle*  the  required  attenuation  leval 
slopes  off  at  sla  decibel*  per  octave  to  end  frequenclas  of  200  kilocycles 
and  1000  osgscyclet.  (See  ^igure  1) 


30-1 


2. 


High  Input  Voltage  Operation. 

Each  filter  channel  must  provide  the  above  stated  attenuation  for  a  30  minute 
period  with  an  input  of  125  volts  rms  at  all  frequencies  between  one  and  50 
megacycles.  Below  one  megacycle  and  above  50  megacycles  the  filter  channels 
are  required  to  provide  the  attenuation  indicated  in  Figure  1  at  input 
voltage  levels  which  also  decrease  at  six  decibels  per  octave  from  the  125 
voK'  maximun. 

3.  Operation  With  Unknown  Driving  Impedances. 

I'he  im/^Jance  of  the  energy  source  ^-hich  drives  the  filter  is  unknown.  It 
is  a  function  of  frequency  <nd  of  the  aircraft  to  weapon  wiring  variations. 

Mo  two  cases  will  result  in  the  same  input  impedances. 

4.  Ooe ration  With  Unknown  Load  lapedances. 

The  true  value  of  the  load  impedance  if  also  unknown  and  subject  to  individual 
weapon  wiring  vartations. 

5.  Direct  Currant  Resistance. 

(a)  Each  channel  must  exhibit  less  than  0«J||>  ohms  DC  series  resistance. 

(b)  Each  channel  must  exhibit  a  shunt  resistance  exceeding  one  megohm. 

6.  Reliability  (90X  Confidence  Laval). 

(a)  Each  filter  channel  most  be  capable  of  providing  the  specified  attenuation 
with  a  0.9«9  probability. 

(b)  Each  filter  channel  must  provide  e  0.999  aasuranee  that  the  DC  series 
resistance  will  not  exceed  O.IP  ohms. 

(c)  Each  filter  channel  must  provide  e  0.999  assurance  that  the  DC  shunt 
resistance  exceeds  one  smgohm. 

7.  £.-iv’ironmentel 

U  .  -h  filter  channel  must  meet  the  preceding  requirements  at  any  tenperetaire 
between  *65^9  and  165^9. 
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(b)  Depending  on  the  weapon  application,  the  filter  package  must  be  operable 
after  subjection  to  shocks  as  great  as  lOOOg. 

(e)  The  filter  oackaee  must  not  be  degraded  by  vibration  levels  as  h<gh  at 
Sg  at  2000  cps  applied  in  four,  fifteen  minute  cycles. 

Each  of  the  preceding  requirements  presents  Its  own  special  problems.  Attenuation 
over  a  wide  frequency  range  requires  capacitors  exhibiting  no  rasonanees  below 
the  highest  frequency  of  Intarast.  Such  a  capacitor  was  found.  It  Is  sa  oil 
Impregnated  paper,  fead>through  capacitor  made  by  Sprague  Elactrle  Company.  It 
has  vary  axcellent  bypass  eharactarlstlcs  to  frequaneles  at  least  as  high  as 
1000  megecyclae. 

The  unknown  Impedanca  eharactarlstlcs  of  the  driving  source  and  of  the  load  presant 
a  very  reel  prohlam.  Thssa  Impedances,  If  largely  reactive  and  of  proper  value, 
could  resonate  with  alamsnts  of  the  flltar  et  frequencies  within  the  rejection 
band.  Such  resonanea  would  result  In  issrkad  dagradstlon  of  the  ettsnuatlon  of 
a  lostlass  filter.  The  use  of  lossy  fsrrlta  core  Inductors  so  lewnrs  the  circuit 
Q  at  fraquonelos  of  intarast  that  sarlas  resonance  effects  do  not  ssrlously 
dagrada  filter  parforoNnea.  The  high  panaeablllty  Vl>01  farrlta,  mode  by  Allan* 
Bradlay,  has  bean  used  In  Sandla  filter  designs.  Ths  high  pameablllty  allows 
use  of  a  nlnlssM  nui6ar  of  coll  turns,  resulting  In  low  DC  reslstanca  and  lew 
winding  capseltanca.  The  loss  characteristics  of  the  H>01  farrlta  era  shown  In 
Figure  6. 

The  lossy  farrlta  ceres  solved  the  prohlam  of  operation  with  unknown  driving  and 
load  Isvadaneos  but  added  the  problem  of  hew  to  cope  with  haat  devalopad  In  tha 
loss  resistance.  Farrlta  Is  not  a  good  haat  eendwetor.  Application  of  115  volts 
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ms  signal  at  one  megacycle  to  the  Input  of  a  T-section  filter  will  drive  the 
ft.rrite  of  the  first  Inductor  beyond  its  Curie  temperature  in  a  matter  of  seconds 
If  special  heat-sink  designs  are  not  used.  The  best  method  found  to  date 
consists  of  using  the  cup  core  design  which  encloses  the  winding.  The  core  and 
cover  are  clamped  together  to  provide  the  required  Inductance.  A  C.C05  to  O.OIP 
Inch  thick  jacket  of  copper  Is  sprayed  onto  the  entire  core  surface  using  the 
Metco  or  the  Plasmadyne  flame  spraying  proressea.  The  copper  jacket  channels  the 
heat  to  a  heavy  netal  plate.  The  copper  jacket  also  serves  to  clamp  the  cores 
permanently  with  the  proper  tension  to  produce  the  desired  inductance. 

The  reliability  level  required  necesaitates  circuit  simplicity  and  sturdy 
components.  It  also  demands  careful  design  and  construction.  The  simple  T-section 
filter  design  has  best  met  weapon  use  requirements.  The  circuit  Is  Illustrated 
by  Figure  7.  Note  the  self-shielding  effect  of  the  components  used. 

At  frequencies  above  100  kilocycles  the  lose  resistance  of  the  ferrite  core 
begins  to  appear  as  is  shown  in  Figure  8.  At  frequencies  of  a  few  megacycles 
and  above  the  equivalent  filter  circuit  becomes  quite  complex.  Figure  9  Illustrates 
the  major  components  of  the  complex  circuit.  At  some  frequency  in  the  range  of 
five  to  ten  megacycles,  the  path  through  the  shunt  winding  capacitances,  Cs, 
becomes  a  lower  Impedance  than  the  path  through  the  inductors  and  Cs  begins  to 
limit  the  attenuation  contribution  of  the  inductors.  At  frequencies  above  ten 
megacycles,  C  and  C,  form  a  capacitive  voltage  divider  with  the  greatest  portion 
of  the  Input  volta.ge  dropped  across  C,. 

The  photograph.  Figure  10,  depicts  the  various  components  used  in  a  filter  channel. 
The  threaded  braes  slug  is  soldered  to  the  copper  jacketed  ferrite  as  a  means  of 
mounting  and  to  conduct  heat  from  the  copper  shall  to  a  heavier  heat-sink  as 
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1»  shown  in  Figure  11.  Figure  11  lllustretes 'how  a  single  f iltarchannel  is  used. 
Note  the  use  of  shielded  input  cable  and  the  modified  conductive  connector,  all 
designed  to  prevent  radio  frequency  energy  from  escaping  into  the  weapon  cate 
where  it  could  bypass  the  filter  an^  enter  aansitlve  elements. 

The  photograph.  Figure  12,  shows  the  application  of  these  principles  to  a  nine 
channel  filter  package.  Each  channel  is  capab  i  of  meeting  the  requirements 
specified  previously  in  this  report.  It  weighs  2.9  lbs.  snd  occupies  a  volume  of 
33.68  cubic  Inches. 

Testing  procedure,  on  a  filter  package  of  the  type  described,  is  broken  Into 
three  phases,  developmsntal  laboratory  tests,  field  tests,  and  product  acceptance 
tests.  In  the  developmental  tests, each  component  la  evaluated  separately  and  in 
conjunction  with  the  ethers.  A  great  many  tests  are  run  to  evaluate  the  design 
and  to  determine  which  tests  shall  be  required  for  product  acceptance.  Host  of 
these  teste  are  routine |  three  of  them  are  of  prime  importance  and  are  worthy 
of  description. 

1.  Low  Power  Attenuation  Testing 

The  test  setup  is  shown  in  the  block  diagram  Figure  13.  If  a  nualber  of 
frequencies  am  chosen  through  the  rejection  bond  of  interest  an  accurate 
attenuation  cutve  can  be  drawn  for  each  filter  channel  as  it  would  react 
to  a  sere  impedance  driving  generator  and  a  specified  load.  The  results 
of  such  a  teat  are  shown  in  Tigurs  14. 

3.  High  Power  Attenuation  Tests 

The  test  setup  for  high  power  testing  is  shown  in  the  block  diagram 
Figure  IS.  A  300  watt  generator  is  used.  It  is  capable  of  output  at  a 
large  nuiiber  of  frequencies  between  1.73  megacycles  and  30  magacycles. 
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Testing  consists  of  selecting  a  voltage  equal  to  or  greater  than  that 
specified  In  Figure  1  and  applying  It  to  the  Input  of  a  filter  channel. 

The  filter  attenuation  la  noted  and  the  time  meaaured  until  the  Input 
Inductor  core  has  reached  Curie  temperature.  At  the  Curie  point  a  sudden 
change  in  generator  loading  la  noted. 

3.  Pulse  Current  Tests 

Pulse  current  teats  are  performed  to  provide  proof  of  the  filter  capability 
to  pass  direct  currents,  low  frequency  sine  wave  currents  and  lew  frequency 
pulse  currents  of  relatively  long  duration.  The  testing  equlpawnt  consists 
of  a  charged  bank  of  capacltori  which  Is  discharged  through  tha  filter  when 
a  silicon  control led*ractifier  Is  triggered.  Tha  current  pulse  is  terminated 
by  a  second  silicon  controlled>rectlfler.  Pulse  currents  to  100  amperes 
amplitude  and  ten  milliseconds  duration  are  obtainable  by  this  means  to 
determine  actual  failure  levels. 

Field  tests  are  run  with  the  filter  mounted  In  the  weapon  as  In  end  use.  The 
weapon  with  the  us4)llieal  cable  attached  Is  then  irradiated  with  radio  frequency 
energy  at  the  highest  level  enpected  In  end  usa  of  the  weapon.  The  filter  protected 
devices  are  monitored  during  the  test  to  determine  that  radio  frequency  currents 
reaching  them  are  at  a  safe  level. 

The  Input  farrltas  of  each  channel  may  also  be  monitored  during  tha  field  test 
to  determine  how  much  energy  Is  being  dissipated  at  the  various  frequencies. 

Field  testing  provides  the  final  proof  of  tha  daolgn. 

Acceptance  tests  are  those  selected  es  proof  of  a  reliable  manufactured  product. 

They  Include  such  tests  as  series  resistance,  shunt  resistance,  Inductance,  and 
capacitance  tests  run  on  all  units.  Shock,  vibration,  attenuation,  humidity 
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cycling,  and  tcnpcraturc  cycling  tecta  are  run  on  randoaly  aalected  production 


unite. 


The  uce  of  loaay  ferrite  inductora  and  high  quality  feed«through  capacltorc  In 
a  tiaple  filter  network  can  provide  a  aeana  of  protecting  cencitlve  weapon 
devicea  froa  radio  frequency  energy.  adequate  developaant  and  acceptance  tea  ting 
prograa  la  aandltory. 
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30.  DiSCtBSION 


Mr.  Algeo  of  the  Naval  Air  Developnent  Center  asked  for  the  origin 
of  the  125  volts.  Mr.  Murphy  answered  that  he  was  afraid  someone  would  ask 
this  be  but  answered  that  the  results  are  based  on  tests  on  shipboard  and 
at  Dahlgren.  Conditions  are  the  worst  encountered  with  a  safety  factor  of 
two. 

Mr.  Grinoch  of  Picatlnny  Arsenal  asked  if,  in  evaluating  the  filter, 
the  filter  was  terminated  with  a  load  equivalent  to  that  of  the  KED,  (about 
one  ohm)  and  if  the  input  was  provided  with  a  realistic  match.  Mr.  Murphy 
answered  that  the  load  used  most  often  was  ohms.  If  a  one-ohm  load  was 
used,  a  higher  attenuation  would  have  been  measured.  No  matching  device  was 
used  with  the  low  frequency  measurements.  This  is  not  necessarily  the  effect 
one  would  have  in  the  field  nor  is  it  the  worst-case.  It  is  a  reasonable 
requirement  for  manufacturers. 

Commander  Gray  commented  that  the  Indicated  measurements  were 
simply  input  and  output  voltages.  He  asked  if  any  attempts  were  made  to 
resolve  power.  In  answer  Mr.  Murphy  said  that  some  power  calculation  and 
measurements  were  made.  Each  channel  is  capable  of  dissipating  a  maximum 
of  about  14  watts.  There  are,  in  addition  to  the  dissipative  losses, 
reflective  losses.  Each  Inductor  is  220  microhenries, that  is  made  of  a  low 
Q  coil  of  16  turns.  This  prevents  series  resonance  conditions.  If  the  input 
to  the  filter  is  matched  you  will  probably  get  less  attenuation.  It  may  be 
difficult  to  obtain  this  match. 

Mr.  Senn  commented  that  at  very  high  values  of  attenuation  or 
insertion  loss  the  question  of  whether  the  device  is  matched  or  not  is  purely 
academic.  The  reflective  loss  coe^ared  to  the  attenuation  becomes  relatively 
small. 

Mr.  Murphy  said  that  his  experimental  efforts  had  verified  this. 
Ccmnander  Gray  added  that  one  can  avoid  matching  the  input  with  the  provision 
that  Impedance,  frequency  and  voltage  are  known.  The  real  power  in  can  be 
computed. 

A  person  injected  a  ccoment  that  prototypes  of  the  filter  have  been 
tested  at  Dahlgren  with  no  responses  indicated  in  the  EED  circuit  with  maximum 
power  applied  during  handling  procedures. 
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31.  A  MBJIATURE  FILTIP.  FOH  SQUIB  PROTECTION 
J.  L.  Hinds,  Jr. 

U.  S.  Naval  Air  Developnent  Center 
Johnsville,  Penna. 

In  designing  a  filter  for  squib  protection  it  would  be  quite 
desirable  to  have  feed-thru  capacitors  available  which  have  large  capacitance, 
low  dissipation  factor,  nlniature  size  and  which  are  low  in  cust. 

Capacitors  of  this  type  are  beginning  to  appear  in  the  davelojisent  laboratorlee 
as  experimental  models  and  utilize  high  dielectric  constant  ceramics. 

However,  these  are  not  yet  available  in  production  quantities. 

In  present  applications  \dtere  a  miniature  feed-thru  capacitor  of 
high  capacitance  la  needed,  there  is  one  choicat  the  solid  tantalus  feed- 
thru  capacitor.  While  review  of  the  technical  specifications  indicates  a 
potential  trouble  area  in  the  fons  of  a  high  dissipate nn  factor,  extensive 
testing  has  indicated  that  it  is  not.  In  actual  praotioa  the  large  capacitance 
units  have  such  a  low  transfer  iz^danca  that  even  when  the  rf  source  (the 
aircraft  weapon  Interface)  is  at  its  lowest  Impedanoa  which  is  around  3  ohas, 
the  capacitor  is  still  a  relatively  affaotive  short  circuit  end  very  little 
dissipation  occurs  within  the  tantalus  feed-thru  capacitor. 

SOECTION  OF  A  FILTHlt 

A  high  insertion  loss  requlrMsnt  Indloates  that  a  n  section  or 
T.  section  filter  might  be  effective.  The  tt  section  was  chosen  over  the  I 
section  primarily  beoause  of  the  iz^edanos  stabilisation  properties  of  the 
input  and  output  capacitors.  Even  if  sn  appreolabls  length  of  line  must 
be  used  between  the  filter  and  the  squib  and  a  quarter  wave  length  of  line 
is  an>roaehed,  the  line  is  still  short  circuited.  If  the  T  ssotion  were 
used,  when  a  quarter  wave  length  of  line  separated  the  squib  from  the 
filter,  the  filter  would  see  a  high  iifedanec^^^  the  sffeetlveness  of  the 
series  elesMnt  would  be  lost  and  a  current  aaxlsus  would  occur  at  the  squib. 

(1)  ft,  ooe  B1  +  J  R  sin  Bj\ 

^in  “  “olii^'cos  Bl  +  J  zj  s’ln  Bl)  ^n.  B1  -  90* 

U  2  2 

^  for  a  500  line,  10  squib  Z^  -  ■  2500. 
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Since  the  source  Impedance  of  the  aircraft  weapon  Interface 
as  a  generator  i--  in  the  3  to  500  ohm  range,  a  capacitor  with  a  trans¬ 
fer  iiqjedance  which  is  0.3  ohm  or  less  will  reflect  a  minimum  of  82$(  of 
the  energy  back  to  the  source  and  will  prevent  an  impedance  match 
between  the  source  and  the  series  element  of  the  n  section  over  the 
frequency  band. 

A  6.8  mfd  at  35  volt  unit  meets  this  requirement,  figure  1. 

The  Insertion  loss  (measured  in  a  50n  system)  of  the  solid 
tantalua  feed-thru  capacitor  is  compared  with  the  insertion  loss  of  a 
typical  0.22  mfd  metallised  s^lar  feed-thru  capacitor,  figure  2.  It  is 
seen  that  the  tantalus  feed-thru  capacitor  has  a  rather  unique  charac¬ 
teristic;  rather  than  rising  at  the  usual  rate  of  6  db/octave,  up  to 
the  first  resonant  point,  it  remains  almost  flat  from  100  kc  to  100  me. 

This  is  caused  the  high  leakage  characteristics.  Effectively,  the 
6.8  mfd  tantalw  feed-thru  has  the  transfer  impedance  of  a  6.8  mfd 
capacitor  up  to  50  kc,  a  3*0  mfd  capacitor  at  IX  kc  anc^  a  0.1  mfd 
capacitor  at  20  sm,  figure  3.  In  order  to  plot  the  1  ohm  characteristics, 
the  transfer  impedance  of  a  50  ohm  and  1  ohm  circuit  were  plotted  in 
figure  4.  From  this  data  and  figure  3,  figure  5  was  plotted.  It  will 
be  noted  that  the  .22  mfd  has  practically  tero  insertion  loss  at  IX  kc. 

A  metallised  mylar  oapaeitor  having  the  same  Insertlna  loss  as  the  tantalus 
at  1  me  requires  10  times  the  volute. 

Since  the  power  in  the  IX  kc  to  4  me  range  is  being  increased 
and  there  is  a  strong  possibili^  of  going  even  lower  in  frequency,  low 
frequency  protection  is  an  important  consideration  for  the  near  future. 
l2) 

Ihv  ferrite'  '  used  fbr  the  A-60  toroidal  assembly  was  chosen 
because  of  its  high  permssbtlity  at  IX  kc  and  ths  hi^  magnetic  loss 
eharaetsristle  in  the  high  frequency  range.  T’le  pexsMsbility  is  2X0 
at  IX  kc,  ths  volume  resistivity  is  a  fsw  ohms-om  and  the  curie  tmi^rature 
is  UIO'C.  The  resistive  and  re-otive  eemponents  of  the  impedance  of  the 
toroidal  asssmhly  is  show  is  figure  6.  At  the  present  timo  the  frequency 
range  which  tends  to  be  the  most  troublesome  in  aircraft  weapon  qrstmas 
exposed  to  high  level  rf  fields  is  the  range  from  4  to  26  me.  It  will 


(2) 

'This  ferrite  is  manufactured  as  T-1  material  by  Indiana  Oeneral,  NO-3 
matwrlal  by  Allsr.  Bradley  and  Cerimag  20  by  Staekpole  Carbon. 
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be  noted  that  the  resistive  and  reactive  components  are  greater  than 
250  ohms  over  this  range.  The  eharp  reactive  drop  out  at  26  mo  is  more 
than  compensated  for  by  the  high  resistive  component  at  thle  frequency. 

Figure  7  is  a  plot  of  the  Impedance  of  the  toroidal  aseembly 
as  a  function  of  the  rf  voltage  drop  at  10  me.  The  filter  noiwally 
operates  on  the  level  portion  of  the  curve  due  to  the  large  mismatch 
caused  by  the  input  capacitor  •which  in  turn  severely  llmios  the  voltage 
input  to  the  toroidal  unit. 

Figure  8  is  a  schematic  of  the  final  filter. 

Figure  9  ie  a  plot  of  the  ineeitlon  loea  of  the  A-62  as  a 
function  of  frequency  for  50  ohm  and  1  ohm  circuits.  The  curve  for  the 
high  level  input  repreeente  the  maximum  insertion  loes  capable  of  being 
measured  due  to  dynamic  range  limitations  of  the  inetrumentaticn  and 
the  unavailability  of  high  power  pads.  It  will  be  noted  that  a  high 
insertion  lose  ie  maintained  down  to  100  kc. 

To  penalt  meaningful  insertion  loes  measuresiente  a  400  watt 
rf  source,  figure  10,  has  been  set  up  \diich  consists  of  a  low  level 
signal  generator,  50  millivolts  output,  driving  a  chain  of  distributed 
amplifiers  to  400  watte  into  a  90  ohm  load.  The  system  requires  no 
tuning,  thus  permitting  a  continuously  varying  frequency  from  150  ko  to 
300  me  to  be  applied  to  the  input  of  the  filter  to  detect  resonant 
points  in  minutes,  rather  than  days,  by  older  methods. 

The  detecting  syetem  used  is  a  1.5  ohm  ’JHF  Vu:utmi  thermocouple 
which  was  made  to  liADC  specifications  so  that  a  current  of  2  mill  lamps 
can  be  detected  at  the  heater  with  a  sensitive  eieetreri.c  de  microvolt* 
meter  having  a  full  scale  deflection  of  1  microvolts. 

One  method  which  has  been  used  to  obtain  relative  performance 
data  on  various  filter  configurations  is  shown  in  figure  11.  A  frequency 
scan  is  made  from  150  kc  to  250  me  at  a  power  input  into  a  dusny  load 
of  100  watte  at  a  VSWR  of  1.6,  the  power  being  coaxially  switched  between 
the  dvnay  load  and  the  filter  terminated  in  1.5  ohms.  This  method,  iddle 
it  has  several  drai^cks,  the  main  one  of  which  is  the  lack  of  isolation 
between  the  source  and  the  filter,  has  proven  to  be  useful  for  design 
purposes.  Qnplrically  it  has  been  found  that  the  probability  of  a  filter 
successfully  withstanding  the  ground  plane  or  operational  environment  ie 
hi^  when  a  filter  withstands  this  laboratory  test. 
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A  method,  figure  12,  'wtileh  Is  presently  being  eet  up  and  idileh 
circuaivents  the  problems  aesociated  vdth  the  previous  system  will  be 
ready  upon  completion  of  the  high  power  pads.  It  consists  of  the  90  ohm 
source  stepped  down  to  5  ohms  by  means  of  a  broad  band  transformer. 

Originally  It  hae  bean  planned  to  tranefoim  the  Is^danee  down  to  1  ohm 
but  the  transfonosi  designer  found  that  It  was  not  possible  to  make  an 
impedance  transformai:lon  greater  than  18:1  and  meetthe  other  requirements. 
However,  one  must  admit  that  it  la  much  more  feasible  to  match  a  5  eta 
source  to  1  ohm  than  to  natch  a  90  ohm  source  to  1  ohm.  Tne  rr  saetioi 
pads  terminate  the  generator  In  Its  characteristic  iB^edanoa  whether 
the  line  Is  open  or  short  circuited. 

The  insertion  loss  is  then  calculated  fTcm  the  difference  in 
level  on  the  mlcrovoltmeter  when  the  70  db  pad  is  In  the  circuit  as 
compared  with  the  10  db  pad  and  the  filter  in  the  circuit.  10  db  is 
then  subtracted  from  the  reading  to  get  the  iwt  inaertion  loss. 

The  basic  A-62  in  line  design,  figure  13,  has  been  used  without 
change  In  several  applications  utilltlng  a  bulkhead  isolation  arrangamant. 

A  proposed  filter  design  for  another  application  is  one  atep 
further  in  mlnlaturliatlon.  Cue  to  the  limited  spaoe  available  -  2"  x  11/32^ 
it  became  necessary  to  investigate  the  possibility  of  reducing  the  siae 
of  the  tantalus  feed^thru  capaeitora.  The  actual  tantalus  slug  is  aaall, 
the  laajor  portion  of  the  voluM  being  taken  up  by  the  ease  and  the  andp 
seals.  The  capacitor  manufacturer's  design  group  was  able  to  reduce 
the  ease  siae  and  the  siae  of  the  internal  eadFoeal,  thus  enabling  the 
full  TT  section  to  be  Incorporated  in  a  corn  hemetidally  sealed  case 
measuring  2"  by  11/32". 

One  area  in  filter  technology  which  has  not  been  eocplored  in 
depth  la  the  effect  which  source  and  load  impedances  have  on  the  insertion 
loss  of  a  filter.  In  order  to  egq^lors  this  area  a  general  coaler 
program  is  being  aet  on  the  IBN  650  to  analyse  several  types  of  filters 
under  all  possible  ceehinations  of  source  and  load  Impedances  in 
sufficiently  email  increments  to  insure  complete  data. 

The  schematic  in  figure  14  gives  the  mathematical  nodtai  used 
in  the  loop  equations  in  figure  15,  which  pertain  to  the  4*62  filter. 

The  functions  for  the  feedHhru  capacitors  and  the  toroidal  assashly 
will  not  be  those  of  ideal  or  theoretical  components  Indi  vdll  be  those 
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computed  using  curve  matching  techniques  on  impedance  measurements  made 
on  the  actual  components.  Thus  the  non-linear  characteristics  of  the 
ferrite  assembly  and  the  feed-thru  capacitors  will  all  be  taken  into 
account  in  the  solutions.  Having  these  solutions  it  willbea  relatively 
easy  task  to  establish  the  insertion  lose  under  known  conditions  of 
source  and  load  impedances  for  various  aircraft  and  weapon  system 
combinations. 

The  A-62  filter  is  by  no  means  considered  to  be  the  ultimate 
in  solutions  for  the  protection  of  EED'e.  First  of  all  there  is  no  substitute 
for  a  well  designed  aircraft  weapon  system  which  pemite  the  establishment 
of  an  effective  and  reliable  rf  ground  between  the  weapon  and  aircraft 
prior  to  making  connections  between  the  aircraft's  electrical  system 
and  the  weapon.  Secondly,  the  design  of  the  receptacle  and  connector 
at  the  aircraft  rack  and  weapon  interface  should  be  such  that  a  good 
effective  and  reliable  rf  ground  is  made  between  the  cable  shielding 
and  the  aircraft  rack  structure  before  any  other  connections  are  made. 
Unfortunately,  thle  second  requirement  is  not  easily  attained  within 
size,  weight,  and  cost  limitations. 

Such  ccmponente  as  mlniative  high  capacitance  ceramic  feed- 
thru  capacitors,  high  lose  coaxial,  dissipative  devices,  rf  proof  relays, 
and  lossy  tranmlssion  lines  show  considerable  premise  and  whan  brou^t 
into  the  area  of  practicality  may  offw  better  solutions.  The  A-62  does, 
in  the  meantime,  offer  an  interim  solution  which  is  effective  and  Inaxpsnslve 
for  many  applications. 
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32.  DEVELOPMENT  OF  BROADBAND  ELECTROMAGNETIC  ABSORBERS 
FOR  ELECTRO-EXPLOSIVE  DEVICES 

Robert  F.  Wood,  Daniel  J.  Mullen,  Jr.,  Paul  F.  Mohrbach 
of  The  Franklin  Institute 

I.  INTRODUCTION 

The  Franklin  Institute,  under  contract  to  the  Naval  Weapons 
Laboratory  and  Picatinny  Arsenal,  has  during  the  past  several  years  been 
active  in  the  search  for  materials  which  absorb  radio  frequency  energy 
and  for  means  of  making  optimum  use  of  these  materials.  The  first 
significant  result  of  this  study  was  the  development  of  a  material 
consisting  of  iron  particles  insulated  with  iron  phosphate.  This  material 
not  only  proved  the  feasibility  of  the  approach,  but  also  proved  to  be 
quite  adaptable  to  many  immediate  uses  in  the  field  of  electroexplosive 
ordnance . 

Figure  1  shows  a  typical  curve  of  attenuation  versus  frequency 
for  samples  made  of  carbonyl  iron  coated  by  the  acetone-phosphate 
process.  It  is  evident  that  when  this  information  is  plotted  on  log-log 
coordinates  a  straight  line  results  with  a  slope  of  53^  to  the  x  axis. 

This  is  characteristic  of  all  of  the  phosphate  coated  irons  which  we  have 
studied.  While  this  material  has  anqcle  attenuation  at  high  frequencies 
(50  db/cm  at  500  Me  for  example)  it  has  fallen  to  6  db/cm  at  100  Me  and 
less  then  1  db/cm  at  10  Me.  All  attempts  to  increase  this  have  produced 
only  marginal  gains.  It  became  obvious  that  better  materials  would  bo 
needed  for  low  frequency  applications. 
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2.  FERRITES  AS  ATTENUATING  MATERIAL 


At  the  present  point  in  the  investigation  the  class  of  materials 
that  have  shown  the  most  immediate  promise  is  the  ferrites.  A  ferrite, 
according  to  one  of  the  more  commonly  accepted  definitions, is  a  ceramic 
ferromagnetic  material,  with  the  general  chemical  conq)Osition  of 
where  X  is  a  divalent  metal  such  as  manganese,  nickel  or  zinc. 

Figure  2  shows  plots  of  attenuation  versus  frequency  for  three 
types  of  ferrites  and  a  typical  carbonyl  iron  sample.  Two  of  these 
ferrites  are  commercially  available;  the  third  curve  shows  a  ferrite  made 
at  The  Franklin  Institute.  It  can  be  seen  from  these  curves  that  ferrites 
can  offer  a  considerable  gain  in  attenuation  over  insulated  iron  at  the 
low  frequencies.  However,  there  is  much  work  yet  to  be  done. 

Figure  3  shows  a  derived  equation  which  indicates  the  relation¬ 
ship  of  the  attenuation  (a)  to  a  number  of  the  parameters  characterizing 
RF  attenuating  material.  Figure  4  is  a  table  based  on  this  equation, 
which  gives  one  set  of  minimum  acceptable  values,  necessary  to  produce 
60  db/cm  down  to  1  Me  and  30  db/cm  at  0.1  Me.  This  particular  set  was 
projected  on  the  basis  of  materials  available  today  so  that  no  completely 
unreasonable  demands  would  be  called  for.  In  the  lower  half  of  Figure  4 
is  a  table  which  gives  the  corresponding  parameters  for  a  typical  ferrite 
commercially  available  today  which  has  good  RF  loss  characteristics.  It 
can  be  seen  from  a  comparison  of  the  two  sets  of  data  that  t.he  primary 
changes  required  are  a  sizeable  increase  in  the  permeability  at  all 
frequencies  with  increases  in  the  loss  tangents  and  the  conductivity  also 
required  at  the  lower  frequencies.  While  such  a  material  is  not  now 
available,  it  does  not  seem  beyond  the  realm  of  feasibility. 

One  other  point  should  be  noted.  Ferrite  materials  that  show 
promise  as  good  attenuators  also  have  very  large  conductivities.  When 
used  in  actual  applications  such  materials  can  produce  very  small  shunt 
resistance  across  the  firing  linos  with  a  corresponding  result  that  the 
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dc  sensitivity  of  an  explosive  item  may  be  greatly  reduced.  While  such 
a  condition  can  be  accepted  in  mary  existing  firing  circuits  and  can  be 
allowed  for  in  any  new  circuit,  it  is  desirable  to  avoid  the  condition 
by  having  large  shunt  resistances.  Furthermore,  any  method  which  is  used 
to  increase  the  shunt  resistance  should,  ideally,  not  decrease  the  nonnal 
firing  sensitivity  even  if  normal  firing  is  by  means  of  a  condenser 
discharge  pulse. 

The  elimination  of  low  shunt  resistance  by  insulating  the 
firing  leads  passing  through  the  attenuating  material  with  either  an 
insulating  material  that  has  a  large  dielectric  constant  or  is  Itself 
lossy  is  being  investigated. 

These  requirerents  applying  to  the  insulation  have  grown  out 
of  the  fact  that  any  material  interposed  between  the  conductors  axid  the 
attenuating  materials  produces  a  sizeable  decrease  in  the  effectiveness 
of  the  attenuating  materials.  Dielectrics  with  large  dielectric  constants 
(greater  than  100)  tend  to  minimize  this  condition.  An  alternative  is 
to  Introduce  an  Insulator  which  in  itself  contributes  to  the  attenuation 
bo  condensate  for  the  decrease  in  attenuation.  In  this  connection,  a 
combination  of  tantalum  pentoxide  and  manganese  dioxide  (as  used  in 
tantalum  capacitors)  is  of  consldenbly  interest  and  is  being  Investigated. 
Figure  5  shows  a  comparison,  (attenuation  versus  frequency)  of  a  ferrite 
mounted  directly  on  the  center  conductor  with  the  same  feirite  mounted  on 
Insulators  with  a  dielectric  constant  of  1200  and  a  mil  thickness  of 
19  mils. 

A  sunnary  of  performance  characteristics  of  carbonyl  iron 
versus  ferrite  is  presented  in  Figure  6.  Values  for  both  Insulated  and 
uninsulated  sandles  are  tabulated. 
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This,  then,  sums  up  the  general  abilities  of  ferrites  today; 
what  must  be  done  to  improve  them  and  some  special  problems  if  the  materials 
are  to  be  incorporated  directly  into  electroexplosive  devices.  In  the 
interim,  however,  there  are  a  number  of  approaches  to  the  general  problem 
which  can  be  considered  if  the  materials  csui  be  placed  in  an  attenuating 
device  which  can  be  plugged  in  ahead  of  the  electroexplosive  devices. 

3.  FERRITE  ATTENUATORS 

In  Figure  4  we  showed  design  parameters  which  were  aimed  at 
producing  ferrites  with  an  attenuation  of  60  db/cm  at  1  Me  and  considerable 
attenuation  even  at  lower  frequencies.  This  value  of  attenuation  was 
chosen  to  provide  at  least  20  db  of  power  attenuation  in  a  typical 
initiator  design  where  the  plug  is  approximately  l/3  of  a  centimeter  in 
length.  If  one  were  to  remove  the  length  restriction  inqxjsed  by  initiator 
design  one  could  make  considerable  use  of  presently  available  materials. 

Figure  7  shows  one  model  of  an  experimental  attenuator.  The 
overall  length  of  the  device  is  4-3/8  inches  and  the  diameter  is  3/4  inch. 
However,  the  size  was  dictated  primarily  by  the  size  of  standard  available 
components  and  could  be  reduced  considerably.  Basically,  it  consists 
of  a  metal  sleeve,  which  is  the  outer  conductor;  a  brass  rod,  which  is 
the  center  conductor;  approximately  6  centimeters  of  ferrite  material, 
end  two  metal  caps  with  BKC  connectors.  The  dc  shunt  resistance  of  this 
model  was  4  ohms.  The  curve  of  attenuation  versus  frequency  for  this 
design  is  shown  in  Figure  8.  At  one  megacycle  wo  have  18  db  and  at  ten 
megacycles  this  has  risen  to  over  200  db.  Insulation  of  this  model  with 
a  large  dielectric  constant  insulator  would  drop  the  attenuation  at  one 
megacycle  to  about  10  db  and  at  ten  megacycles  to  70  db. 
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The  principle  demonstrated  here,  however,  opens  up  several 
rossible  avenues  which  are  at  present  under  study.  It  ■).«!  apparent  that 
one  need  only  increase  the  effective  path  length  of  the  conductor  in  th# 
material  to  increase  the  attenuation  and  therefore  the  problem  becomes 
one  of  utilizing  the  available  volume  for  maximum  effectiveness  rather 
than  just  the  length.  There  are  several  pitfalls  on  such  an  approach 
but  these  are  being  evaded.  One  of  the  simplest  approaches  to  this  long 
path  solution  is  shown  in  Figure  9.  This  barrel  attenuator  places  sevex’al 
small  cylinders  of  ferrite  in  the  same  length  formerly  occupied  by  a 
single  length.  In  this  case,  the  nine  such  cylinders  produce  approximately 
nine  times  the  attenuation  normally  obtainable  with  a  single  full- 
diameter  attenuator.  There  is  evidence  that  one  need  only  mold  several 
wires  into  a  single  slug  of  material  and  then  connect  them  on  the  faces 
of  the  slug  to  form  one  continuous  conductor  through  the  material.  Along 
these  lines,  many  other  more  sophisticated  approaches  come  to  mind,  and 
a  number  of  these  are  under  investigation  at  the  present  time. 

Let  us  return  for  a  moment  to  the  straightforward  model,  shown 

in  Figure  7,  which  has  also  been  insulated.  As  stated  before,  the  attenuation 

is  down  to  10  db  at  1  Me  but  is  already  70  db  by  10  Me.  This  model  has 

exhibited  the  ability  to  withstand  1500  volts.  The  dc  input  resistance 

8 

is  in  the  nelghboitood  of  10  ohms.  Constant  current  and  constant  voltage 
input  pulses  are  essentially  unaffected.  Finally,  if  a  1  U  f  capacitor 
is  discharged  through  this  device  into  a  one-ohm  load  the  waveform  is  only 
slightly  altered. 

In  summary,  one  can  expect  to  use  presently  available  ferrites 
with  considerable  effectiveness  in  attenuators  which  would  be  external 
i.0  the  eleetroexplosive  devices.  There  is  every  reason  to  believe  that 
these  dev^^tib  could  be  produced  qpiite  simply,  with  reasonable  compactness 
and  attenuation,  and  could  avoid  some  of  the  problems  which  occur  with 
filters  and  other  kinds  of  protection.  For  example,  good  attenuation 
could  probably  bo  obtained  with  very  little  deterioration  of  any  type  of 
presently  used  firing  pulse  -  -  -  a  very  valuable  feature,  particularly 
in  retrofit  problems. 
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4.  THE  FUTURE 


What  can  the  future  hold  along  the  lines  of  attenuating 
materials?  First  of  all  vre  have  already  indicated  that  there  is  a  strong 
likelihood  of  producing  much  lossier  ferrites  than  are  now  available; 
this  would  seem  to  be  an  approach  to  bo  pursued  Lmiiediately. 

In  addition  to  ferrites,  however,  there  are  other  materials 
now  being  developed  vdiich  would  bear  study  for  low  frequency  attenuation 
problems.  Among  these  one  might  consider  the  tantalum  pentoxide  -  manganese 
dioxide  combinations  mentioned  earlier  as  a  possible  insiUator.  These 
are  the  two  essential  ingredients  of  tantalum  capacitors  at  the  present 
time  and  such  capacitors  are  known  to  have  considerable  RF  attenuation. 

While  the  literature  contains  some  theories  regarding  the  loss  mechanisms 
of  these  capacitors,  the  general  problem  is  not  fully  understood  and 
there  is  room  for  study  in  this  field.  In  addition,  there  are  high 
polymer  materials  now  being  developed  which  show  promise  of  having  very 
large  dielectric  loss  tangents  -  one  of  the  essential  parameters  for  RF 
attenuation. 

Finally  there  is  an  entire  region  of  possibility  growing  out 
of  coiiq>oslte  materials.  Unusual  results  have  been  obtained,  for  exaiig>le, 
by  placing  a  cylinder  of  the  basic  carbonyl  iron  attenuating  material  around 
a  cylinder  of  a  lossy  ferrite.  Atteniiation  appears  to  be  greatly  Inqsroved 
at  the  lower  frequencies.  One  theoretical  approach  indicates  a  very  large 
possible  attenuation  if  a  very  thin  layer  of  very  large  dielectric  constant 
material  is  placed  on  a  ferrite  with  carefully  chosen  parameters.  Hsny 
other  possibilities  suggest  themselves  and  are  being  studied. 

In  conclusion,  it  can  be  stated  that  iron,  phosphate  insulated, 
has  demonstrated  ability  to  provide  adequate  attenuation  in  the  available 
sise  of  present  electroexplosive  devices  down  to  frequencies  in  the  range 
of  200  Me.  It.£  Use  is  now  quite  practical  for  wire-bridge  initiators. 
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and  with  proper  high-dielectric-constant  insulation,  the  material  will 
work  for  other  types.  Presently  available  ferrites  make  it  possible  to 
extend  the  lower  frequency  limit  down  to  10  Me  for  wire-bridge  initiators, 
■vAile  staying  within  the  dimensions  of  typical  electroexplosive  devices. 

Ely  placing  the  attenuators  outside  of  the  electroexplosive  devices,  thus 
permitting  more  freedom  in  size  and  configuration,  presently  available 
ferrites  can  probably  be  xised  affectively  down  to  100  Kc  and  lower  with 
increasing  mechanical  conplexity.  These  devices  could  be  so  designed 
to  work  with  all  types  of  electroexplosive  deviceaj  that  is,  they  would 
not  be  restricted  to  hot  wire  types.  FinaJ.ly  there  is  considerably  reason 
to  hope  that  substances  and  combinations  of  substances  can  be  developed 
in  the  near  future  vdiich  will  greatly  reduce  the  amrurit  of  material 
necessary  to  provide  attenuation  at  low  fnquenples,  thersby  bringing 
us  back  toward  the  ideal  of  Incorporating  the  protection  as  an  integral 
part  of  the  electroexplosive  devices  themselves. 

32.  DISCUSSION 

A  questioner  asked  if  the  position  of  the  carbonyl  iron  and 
ferrite  had  been  reversed.  Mr.  Wood  said  that  this  makes  no  difference. 

A  person  expressed  interest  in  the  meane  of  insulating  the 
ferrite.  Mr.  Wood  explained  that  the  carbonyl  iron  is  used  as  an  insulator. 
In  order  to  keep  attenuation  hl^»  the  iron  portion  is  made  thin.  This 
process  reduces  the  insulation  resistance  from  the  normal  2  megohms  down  to 
250  ohms. 
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.TK>N  (db/m] 


no.  I.  ATTEWUATIOW  VERSUS  FREQiieNCY 

fow_CAWKnm.  mm 


m.  t.  ATTENUATION  MCAMREMCNTS 
or  THRU  TYTCO  OT  FERMTEt  ANO 
CARMNVL  MON 


a  ■  128  X  W’"/ jlj  ^  ^(tan8i|ton!^-l)4‘  -^1  ♦  ton*8i|toii*!^+tcm*%tan*8^]ij 

WHERE  a,  THE  ATTENUATION  IN  db  PER  CENTIMETER.  IS  GIVEN  AS  A 
FUNCTION  OF  f,  THE  FREQUENCY  IN  CYCLES  PER  SECOND 

^  -  REAL  PART  OF  RELATIVE  PERMITTIVITY 

^  •  REAL  PART  OF  RELATIVE  PERMEABILITY 
tan  •  DIELECTRIC  LOSS  TANGENT 
ton  hfi  •  MAGNETIC  LOSS  TANGENT 

FI&3.  RELATIONSHIP  OF  ATTENUATION  (o)  TO  MATERIAL  PARAMETERS 
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33.  AN  INDUCTIVELY  COUPLED  FILTER  PROVIDING 
COMPLETE  RF  SHIELDING  OF  AN  EED 

Dale  G.  Holinbeck 

Bjorksten  Research  Laboratories.  Inc. 

Madison,  Wisconsin 

ABSTRACT 

A  filter  is  described  based  upon  protecting  an  EFD  from  RF 
hazards  by  completely  enclosing  it  within  a  metallic  shield  that  has  no 
openings  or  leads  passing  through.  Intentional  firing  is  accomplished 
by  inductive  coupling  through  the  shield.  Experimental  power  attenua.* 
tion  vs  frequency  curves  and  the  delivered  intentional  firing  energy  of  a 
filter  of  practical  size  and  weight  are  presented. 

INTRODUCTION 

The  use  of  an  electroexplosive  device  (EED)  in  an  RF  environ¬ 
ment  presents  two  simultaneous  requirements  —  RF  protection  must  be 
provided  and  intentional  firing  capability  must  be  preserved. 

As  far  as  the  RF  problem  is  concerned,  a  simple  and  foolproof 
solution  is  to  enclose  the  EED  within  a  continuous  shield  of  adequate 
thickness  that  has  no  openings  whatsoever  for  the  entry  of  RF  energy. 
Because  of  the  inverse  relationship  between  skin  depth  and  frequency, 
such  a  shield  provides  unquestioned  protection  against  all  frequencies 
above  some  lower  limit. 

As  far  as  the  intentional  Bring  problem  is  concerned,  a  simple 
solution  that  is  compatible  with  the  presence  of  a  continuous  shield  around 
the  EED  is  the  use  of  low  frequency  inductive  coupling.  Because  of  the 
relative  penetrability  of  the  shield  at  low  frequencies,  enough  energy  can 
be  transferred  to  insure  reliable  firing  of  the  EED  within  the  shield. 
Figure  1  illustrates  this  general  approach. 
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The  cross-hatched  member  represents  the  continuous  metallic 
shield  which  completely  encloses  the  EED.  It  is  clear  that  RF  energy 
can  not  reach  the  EED  without  first  penetrating  this  shield. 

For  intentional  firing,  closure  of  the  switch  in  Figure  1  allows 
current  from  either  a  battery,  a  low-frequency  generator,  or  a  discharging 
condenser  to  flow  in  the  outer  coil.  If  this  current  in  the  outer  coil  is  produced 
by  a  battery,  it  will  establish  a  final  steady-state  flux  that  links  the  inner  coil. 
Since  a  time  rate  of  change  of  flux  will  occur  in  the  inner  coil  as  the  flux 
changes  from  its  initial  to  its  final  value,  an  activating  pulse  of  current 
will  flow  through  the  EED.  Similarly,  if  the  current  in  the  outer  coil  is 
produced  by  a  generator  of  a  low  frequency  such  as  60  cps,  400  cps,  or 
even  1000  cps,  an  alternating  flux  will  penetrate  the  shield,  link  the  inner 
coil,  and  cause  an  activating  current  to  flow  through  the  EED.  Finally,  if 
tlie  current  in  the  outer  coil  is  produced  by  a  discharging  condenser,  the 
flux  associated  with  this  transient  will  also  penetrate  the  shield,  link  the 
inner  coil,  and  cause  an  activating  current  to  flow  through  the  EED. 

Of  course,  energy  transfer  to  the  EED  is  improved  by  the  use  of 
magnetic  materials.  Figure  2  illustrates  one  geometry  where  the  flux 
through  the  inner  coil  closes  through  a  continuous  path  of  magnetic  material. 

It  is  seen  that  this  geometry  does  not  destroy  the  integrity  of  the  shield;  the 
only  difference  between  the  shields  of  Figures  1  and  E  is  that  a  magnetic 
material  explicitly  forms  at  least  a  part  of  the  shield  in  Figure  E. 

These  completely  shielded,  inductively  coupled  filters  have  been  under 
development  by  the  Bjorksten  Research  Laboratories  since  early  1961  when 
this  approach  was  conceived  by  us.  Work  on  these  filters  has  been  supported 
by  the  Air  Force  Special  Weapons  Center  for  the  past  year  under  Contract  No. 

AF  E9(601)-5358.  Data  obtained  on  this  Air  Force  program  constitutes  the 
major  part  of  this  paper. 
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A  FILTER  FOR  THE  MK-1  SQUIB 

Intentional  Firing 

Figure  3  is  a  photograph  of  a  filter  designed  for  the  MK'l  squib 
and  a  Z8*volt  dc  firing  systerri.  This  filter  has  a  weight  of  1.6  ounces, 
a  length  of  1.4  inches,  a  diameter  of  0.67  inch,  and  a  dc  input  resistance 
of  8.9  ohms.  The  8.9  ohm  input  resistance  insures  that  the  current  drawn 
from  a  28-volt  supply  does  not  exceed  3. 15  amperes.  While  a  squib  is 
shown  as  being  directly  joined  to  the  filter,  it  could  be  located  a  distance 
from  the  filter  if  the  integrity  of  the  shielding  were  preserved  by  some 
suitable  means  such  as  copper,  or  perhaps  soft  iron,  tubing. 

Figure  4  shows  a  28-volt  step  wave  input  to  the  filter  of  Figure  3 
together  with  the  corresponding  output  voltage  pulses  that  are  obtained 
when  the  load  is  either  a  1-ohm  resistor  or  a  MK-1  squib.  The  voltage 
pulses  for  these  two  loads  are  easily  identified  because  of  the  discontinuity 
associated  with  the  firing  of  the  squib.  In  this  instance  the  squib  has  fired 
0.2  millisecond  after  application  of  the  input  voltage.  Taking  l.Tmillijoules 
as  the  maximum  energy  required  to  fire  a  MK-1  squib  under  these  conditions 
and  noting  that  the  total  energy  delivered  to  the  1-ohm  resistor  is  13,9n)illi- 
joules,  the  safety  factor  for  firing  the  squib  is  found  to  be  at  least  8. 

There  is  also  more  than  an  adequate  amount  of  energy  delivered  to 
a  squib  by  the  filter  of  Figure  3  if  the  input  voltage  is  as  low  as  20  volts. 

This  is  illustrated  by  the  curves  of  Figure  5  that  show  a  20-volt  step  wave 
input  and  the  output  voltage  pulses  that  are  obtained  when  the  load  is  either 
a  1-ohm  resistor  or  a  MK-l  squib.  In  this  case  the  squib  has  fired  0.  33 
millisecond  after  application  of  the  input  voltage  and  the  total  energy 
delivered  to  the  1-ohm  resistor  is  9.  5  millijoules.  The  safety  factor  for 
firing  the  squib  is  therefore  about  5.6. 
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While  it  is  very  unlikely  that  an  input  voltage  would  accidentally 
have  a  time  constant  as  long  as  1  millisecond  if  it  were  intended  to  be 
a  step  wave,  the  filter  of  Figure  3  would  fire  a  MK-1  squib  with  such 
an  input  even  if  it  rose  to  only  20  volts.  This  "worst  case"  is  shown  in 
Figure  6.  The  input  voltage  to  the  filter  rises  exponentially  to  20  volts 
with  a  time  constant  of  1  millisecond  (i.e. ,  it  reaches  90%  of  its  final 
value  in  about  2.  3  milliseconds)  and  the  MK*1  squib  fires  1. 37  milli¬ 
seconds  after  the  start  of  the  input  pulse.  The  total  energy  delivered 
to  a  1-ohm  load  in  this  case  is  7.  0  millijoules,  and  the  safety  factor  for 
firing  the  squib  is  therefore  about  4. 1  . 

Figure  7  shows  the  energy  delivered  to  the  load  as  a  function  of 
load  resistance  when  the  input  to  the  filter  is  a  28-voi.t  step  wave.  It  is 
seen  that  this  energy  varies  by  only  10%  over  the  range  from  0.7  ohms 
to  1.  3  ohms  which  is  the  range  of  bridge  wire  resistance  for  MK-1  squibs. 
Of  course,  if  the  filter  had  been  designed  for  a  squib  of  a  different  resist¬ 
ance,  then  this  curve  would  be  centered  at  that  value  of  resistance. 

Figure  8  illustrates  the  effect  of  contact  bounce  in  the  switch  that 
applies  the  input  voltage  to  the  filter  of  Figure  3.  In  this  case  the  switch 
was  specially  selected  to  have  a  large  amount  of  contact  bounce.  For 
reference,  the  "clean"  curve  shows  the  output  voltage  across  a  1-ohm 
load  when  the  input  to  the  filter  is  a  "clean"  28-volt  step  wave.  The 
other  curve  shows  the  corresponding  output  voltage  that  results  when  the 
switch  in  the  input  circuit  has  a  large  amount  of  contact  bounce.  It  is 
seen  that  this  bounce  only  delays  the  output  pulse;  the  energy  content  of 
the  output  pulse  is  essentially  unaffected. 


Figure  9  illustrates  the  effect  of  lead  resistance  in  the  input 
circuit  to  the  filter  of  Figure  3.  A  2S-volt  step  wave  was  first  applied 
directly  to  the  input  of  the  filter  and  then  to  the  input  through  resistive 
leads  having  a  total  resistance  equal  to  10%  of  the  dc  input  resistance 
of  the  filter.  The  output  voltages  across  a  !-ohm  load  show  that  the 
effect  of  the  resistive  input  leads  on  the  energy  content  of  the  pulse  is 
slight;  they  simply  decrease  the  peak  value  of  the  pulse  a  small  amount 
and  increase  its  total  duration.  The  net  result  is  about  a  5%  decrease 
in  total  energy  delivered  to  the  1-ohm  load.  In  this  case  the  resistive 
leads  comprised  a  30-foot  length  of  a  twisted  pair  of  No.  22  (7x30) 
hookup  wire  and  their  resistance  of  0.  89  ohms  is  judged  to  be  the  greatest 
that  one  might  expect  in  any  practical  application.  Tests  have  also  been 
conducted  ’.vith  30-foot  lengths  of  coax  and  twinax  cables  that  have  a  high 
capacitance  per  unit  length.  The  capacity  of  these  cables  was  found  to 
have  no  effect  upon  the  output  voltages;  their  resistance  was  the  only  sig¬ 
nificant  cable  parameter. 

It  should  be  noted  that  the  curves  of  the  previous  figures  were 
obtained  by  first  applying  step  wave  input  voltages  to  the  filter  several 
times  so  that  the  magnetic  core  material  was  biased  in  the  same  direction 
as  it  was  driven  in  obtaining  these  curves.  Thus,  as  far  as  the  residual 
induction  of  the  core  material  is  concerned,  the  results  presented  in 
each  case  represent  the  minimum  energy  that  will  be  delivered  by  the 
filter.  If,  instead,  the  filter  is  first  biased  in  tlte  backward  direction 
and  then  h?s  a  28- volt  step  wave  applied  to  its  input,  somewhat  more 
energy  is  delivered  to  the  load.  This  is  illustrated  in  Figure  10  for 
the  case  of  a  28-volt  step  wave  input  and  a  1-ohm  resistive  load.  The 
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output  voltage  across  the  1-ohm  load  that  lasts  the  longer  time  corresponds 
to  the  condition  of  backward  bias  and  it  delivers  about  5%  more  energy 
than  the  shorter  pulse.  The  shorter  pulse  corresponds  to  the  condition 
of  forward  bias  and  is  identical  to  the  pulse  shown  in  Figure  4. 

RF  Protection 

Since  power  attenuation  specifies  the  fraction  of  total  input  power 
that  reaches  a  load,  it  is  the  most  meaningful  description  of  a  filter's 
protective  ability.  Unlike  insertion  loss  measurements  which  give  differ¬ 
ent  results  for  different  generators,  input  line  lengths  and  configurations, 
power  attenuation  is  a  unique  characteristic  of  the  filter  itself  and  is 
independent  of  mismatches  or  resonances  on  the  input  leads  to  the  filter. 
Thus,  if  the  power  attenuation  of  a  filter  is  30  db,  for  example,  one  can 
be  certain  under  all  conditions  that  exactly  1/1000  of  the  total  power 
delivered  to  the  filter  will  reach  the  load. 

Power  attenuation  measurements  were  conducted  on  the  filter  of 
Figure  3  with  a  0.65-ohm  load  up  to  a  frequency  of  10  kmc.  No  reson¬ 
ances  were  observed  and  the  number  of  measurements  was  sufficient  to 
insure  that  none  went  unobserved.  For  these  measurements,  the  output 
power  above  2  me  was  less  than  the  minimum  detectable  level  of  about 
0.02  microwatts.  With  the  input  powers  available,  this  indicated  that  the 
power  attenuation  is  greater  than  68  db  from  2  me  to  100  me  and  greater 
than  80  db  from  100  me  to  10  kmc.  However,  it  is  most  likely  that  the 
power  attenuation  is  much  greater  than  this  because  it  is  59  db  at  1  me 
a.id  increasing  at  the  rate  of  about  30  db  per  decade.  Thus,  at  10  me 
one  would  expect  the  power  attenuation  to  be  at  least  59  V  30“  89  db. 
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The  power  attenuation  of  the  filter  in  Figure  3  with  various  loads 
is  shown  by  the  curves  of  Figure  11.  By  interpolation,  the  power  attenua¬ 
tion  at  2C0  kc  for  loads  of  0.7,  1.0,  and  1.3  ohms  is,  respectively,  33, 

32,  and  31  db.  (The  bridge  wire  resistance  of  a  MK-1  squib  varies  from 
0.7  to  1.3  ohms. )  Since  a  MK-1  squib  requires  a  minimum  power  of 
about  0. 1  watt  for  ignitiou,  this  means  that  an  input  power  in  excess  of 
100  watts  would  have  to  be  delivered  to  the  filter  at  200  kc  in  order  to 
ignite  the  squib. 

The  input  power  for  these  power  attenuation  measurements  was 
determined  by  calorimetric  methods.  For  each  measurement,  power 
was  delivered  to  the  filter  for  30  seconds  and  the  temperature  rise  it 
produced  was  measured  by  a  system  consisting  of  a  thermocouple  c inched 
to  the  filter  case,  a  dc  amplifier,  and  a  recorder.  Input  powers  t  cw 
as  0. 1  watt  were  measurable  to  within  about  5%  accuracy  with  thi  iiystem. 
Calibration  was  achieved  by  delivering  known  amounts  of  dc  power  to 
the  filter. 

The  output  power  was  determined  by  using  an  Insulatsd  hsatsr 
type  of  vacuum  thermocouple  as  the  load  and  measuring  its  output  with 
an  amplifier-recorder  system.  Vacuum  thermocouples  having  different 
heater  resistances  were  used  for  the  various  loads  and  each  was  cali¬ 
brated  with  dc  power.  Depending  upon  the  particular  vacuum  thermo¬ 
couple  that  was  used,  the  minimum  detectable  output  power  ranged  from 
about  O.OOS  to  0.03  microwatts. 

Effects  of  Nearby  60-cps  and  400- cps  Currents 

The  effsctc  of  large  60  cps  and  400  cps  currents  flowing  near  the 
filter  01*  Figure  3  were  aleo  investlgatsd.  With  one  turn  of  a  single  lead 
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carrying  EO  amperes  of  either  60  cps  or  400  cps  current  wound  directly 
on  tlie  filter  itself,  the  voltage  across  the  1-onm  load  resistor  of  the 
filter  was  less  than  E.5  millivolts.  With  the  input  leads  to  the  filter 
comprising  30  feet  of  unshielded  twisted  pair  and  with  a  single  lead 
carrying  10  amperes  of  either  60  cps  or  400  cps  current  taped  to  the 
twisted  pair  that  were  either  "open"  or  shorted  together,  the  voltage 
across  the  1-ohm  load  resistor  of  the  filter  was  less  than  the  40-microvolt 
sensitivity  of  the  measurement.  While  these  tests  are  quite  severe  com¬ 
pared  to  what  might  actually  occur  in  practice,  they  do  serve  to  indicate 
that  there  should  be  little  concern  about  the  existence  of  nearby  large 
currents . 


GENERAL  DISCUSSION 

Filters  employing  the  complete  shielding  concept  can  be  designed 
to  a  wide  variety  of  specifications.  Some  units  have  been  designed  to 
deliver  as  much  as  125  millijoules  (1,250,000  ergs)  to  a  load  when  a 
28-volt  step  wave  is  applied  and  to  have  a  power  attenuation  greater  than 
30  db  at  all  frequencies  above  20  kc;  some  units  have  been  designed  for 
use  with  EED's  having  dual  bridge  wires  that  provide  reliability  through 
redundancy:  other  units  have  been  designed  for  ac  firing  systems:  still 
other  units  have  been  designed  for  300-voU.  dc  low  curriint  drain  firing 
systems.  In  this  latter  instance,  the  current  drawn  from  the  300-voU 
supply  is  no  more  than  170  milliamperes  since  the  dc  input  resistance 
of  the  filter  is  1750  ohms  and  yet  the  filter  delivers  a  peak  current  in 
excess  of  2.3  amperes  to  a  I-ohm  load.  More  particularly,  Imillisecond 
after  the  300-volt  step  wave  is  applied,  the  current  drawn  from  the  supply 
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is  only  105  milliamperes  and  the  current  in  the  1-ohm  load  is  2.35 
amperes.  This  22-told  step  up  in  current  illustrates  that  these  filters 
can  also  be  used  to  advantage  in  matching  high  impedance  power  supplies, 
both  ac  and  dc,  to  low  impedance  EED's. 

The  photograph  in  Figure  12  shows  a  filter  that  is  being  developed 
for  use  with  Eagle-Picher  automatically  activated  batteries.  This  filter 
has  two  separate  outputs  that  are  connected  to  the  two  independent  bridge 
wires  of  the  gas  generator  which  is  joined  to  the  left-hand  end  of  the  filter. 
The  dc  input  resistance  of  this  filter  is  7  ohms  to  insure  that  the  current 
drawn  from  a  28-volt  supply  does  not  exceed  4  amperes. 

The  weight  and  volume  of  these  filters  are  essentially  determined  by 
considerations  relating  to  the  intentional  firing  of  an  EED;  the  continuous 
shield  that  provides  the  RF  protection  need,  by  itself,  contribute  very  little 
to  weight  or  volume.  Thus,  when  the  input  voltage  to  a  filter  and  its  load 
resistance  are  specified,  the  two  most  important  factors  in  determining  the 
weight  and  volume  of  the  filter  are  the  energy  that  it  must  deliver  to  the  load 
and  the  minimum  input  resistance  that  it  may  have.  Naturally  enough,  the 
smaller  each  of  these  is,  the  smaller  the  filter  can  be.  Other  factors  that 
may  affect  the  size  of  a  filter  are  the  time  in  which  the  specified  energy  must 
be  delivered  to  the  load  and  the  amount  of  attenuation  that  the  filter  must 
provide  at  the  lowest  frequency  of  concern. 

To  illustrate  the  lightness  and  weight-saving  potentialities  of  these 
filters.  It  is  instructive  to  express  their  weight  in  terms  of  well  known  com¬ 
ponents  used  in  EED  firing  systems.  Feet  of  1 /8-inch  ID  shielding  braid 
is  an  appropriate  choice  because  braid  is  often  used  over  twisted  pair  input 
leads  and  it  is  unnecessary  with  these  filters  which  additionally  provide 
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far  greater  RF  protection.  In  terms  of  this  new  "unit  of  weight,"  the  filter 
of  Figure  3  "weighs"  only  8  feet  of  standard  1 /8-inch  ID  shielding  braid. 

This  shows  how  little  it  tcikes  to  actually  save  weight  with  these  filters. 
Comparison  of  the  degree  of  RF  protection  obtained  in  terms  of  the  weight 
of  components  required  by  other  systems  should  be  equally  favorable. 

It  should  be  noted  that  these  filters  do  not  automatically  open-circuit 
themselves  as  squibs  usually  do  when  they  fire.  Since  some  systems  place 
critical  reliance  on  the  squibs  opening  the  circuit  to  the  firing  supply,  the 
use  of  these  filters  in  those  systems  would  require  installation  of  a  circuit- 
opening  device. 

Many  systems,  however,  would  not  require  the  installation  of  a 
circuit  opening  device.  In  some  systems,  circuit  opening  is  already  pro¬ 
vided,  either  by  switches  or  as  a  consequence  of  firing  the  EED  (e.g. , 
cable  disconnect  in  rocket  firing).  In  other  systems,  such  as  most  pulse¬ 
firing  or  capacitor-discharge  firing  systems,  circuit  opening  is  immaterial. 
It  is  also  immaterial  with  single  function  firing  supplies  where  the  fate  of 
the  supply  after  firing  the  EF,D  is  of  no  concern  (e.g. ,  warhead  detonation). 

In  addition  to  their  relatively  light  weight,  these  filters  have  many 
other  advantages.  They  are  simple,  passive,  and  rugged.  They  contain  no 
semiconducting  materials  and  they  are  operable  over  a  temperature  range 
at  least  as  great  as  that  of  the  SCO's  they  are  to  be  used  with.  They  can  be 
designed  for  ac,  dc,  pulse,  or  capacitor-discharge  firing  systems.  They  can 
be  used  advantageously  to  match  a  high  impedance  firing  supply  to  a  low  im¬ 
pedance  EED.  They  protect  an  EED  from  dc  ground  currents  which,  even 
though  they  may  not  fire  the  EED,  can  degrade  an  EED  so  that  it  may  never 
be  operable.  The  outstanding  advantage  of  these  filters,  however,  is  that 
they  provide  an  EED  with  unquestioned  immunity  to  all  RF  frequencies. 


'  » 
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(*«r**  A)  1*  kPkllaA  la  fia  tagR.  Cara*  C  tk***  Ik*  aatgal  a«uiiiga 
******  a  I'ikn  I*a4  «k**  a  rattck  agaelaU*  aaUataf  I*  kkar  a 
Urt*  an  I  an  af  enu**  kaan*  1*  **•«  I*  aaaNMrl  •  l••aatl  4c 
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Flffurt  t.  A  Graph  Showma  (hr  of  I.***!  U  th» 

(npor  •'ircnii  of  tK«  rttter  at  r<«ur«  I 

Curv*  B  hbovra  th«  output  voltai*  aero**  •  t'ohm  load  for  tho 
filtaa  of  flfura  1  wh«a  a  2l*«o)t  atap  *av«  (enrva  A|  ia  apjtitad 
diraetty  to  ita  input.  Curua  C  ahow*  tha  <orraapundiap  output 
veltaat  «han  tha  it  put  laada  to  tha  fitlar  haua  a  rralataoca  a^ual 
to  l<Aof  tha  dc  input  raaiatanca  of  the  f4lar.  Thu  lead  raalaianca 
dacraaaaa  tha  total  anarpy  daliuarad  to  the  load  by  ahenH 


Flyura  1C.  A  Graph  !ihowiO|  tha  hJtrct  of  Backward  Bi'ia 


For  rafaratire.  curva  B  ahowa  ona  of  a  auceaaaloo  of  oiitpul 
voliat*  pulara  acroaa  a  l‘Ohm  toad  whan  a  aaecaaaioti  of  U«v«li 
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Curva  C  ahowa  tha  <erraapondin|  output  oWaioatl  nitua  iha  eara 
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hacKwa'd  dirrciion.  Tha  voUapr  pulaa  of  curva  C  dallvara  la 
Iha  l*ohm  load  about  1%  more  anarpy  ihaa  doaa  that  af  curva  B. 
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from  a  Jl.vtU  aupply  Mat  aai  tarood  4  ahipaiw*. 
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34.  The  Prediction  of  Very  Low  EED  Firing  Probabilities  L.  D.  Hampton 

J.  N.  Ayres 
I.  Kabik 

EED  sensitivity  information  must  be  used  in  the  prediction  of  unintentional 
RF  firing  probabilities.  Too  often  poor  data,  i^roper  sbatistical  methods, 
unwarranted  asBunqationa,  and  ambiguous  concepts  (e.g.  "All-Fail"  and  "All-Fire" 
point(a))  cause  highly  imprecise  predictions.  Methods  are  presented  for 
improving  unavoidable  extrapolations  and  increasing  the  precision  of  firing 
probability  estimates. 


35.  A  Survey  of  1-AMP.  1-Watt  EED's  Gunther  Cohn 

This  survey  was  made  to  cos^ile  a  list  of  manufactured  EED's  meeting  the 
1-Amp,  1-Watt  specification.  We  are  not  concerned  here  with  the  merits  of 
this  specification.  It  can  be  seen  from  the  con^ilatlon  that  a  large  variety 
of  Initiators  in  this  category  are  now  available. 


36.  Systems  Approach  to  Mlniml«e  EMR  Hazards  to  Ordnance  Lt.  Col.  C.  W.  Smith 

Morris  Rosenthal 

Hazards  of  EMR  to  ordnance  are  considered  to  be  an  overall  system  problem. 
Ordnance  de sensitization  is  not  a  panacea  for  overcoming  hazards  ascrlbable 
to  -wandering  electrons.  The  Titan  II  and  AFBSD/'STL  approach  is  dstermlning 
the  eeneitivity  of  the  EED's  to  EMR  and  insuring,  by  proper  system  design 
and  procedures,  that  the  EED's  are  protected  from  dudding  or  actuating 
inadvertently  as  a  result  of  EMR.  The  need  for  an  impartial  tost  and 
information  agency  is  emphasized. 


37.  Effects  of  Lightning  on  Air  Force  Systems  Capt.  James  H.  Scharff 

When  the  tremendous  energy  of  nat’oral  lightning  is  directed  against  USAF 
systems  on  and  in  the  ground,  as  well  as  in  the  air,  ssrlous  damage  and/or 
consequsncen  c.m  result-  This  paper  discusses  some  aspects  of  the  problem, 
approaches  to  better  understand  the  phenomena,  sose  of  the  detailed  effects, 
and  some  means  to  provide  protection. 
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38,  Some  Calculations  Involving  the  Amount  of  Energy 
Electromagneticallv  Coupled  to  an  Electroexplosive 
Device  by  a  Lightning  Stroke  (U) 

Measured  sinusoidal  steady  state  data  are  used  to  determine  transfer  functions 
which  relate  the  response  of  electroexplosive  devices  (EED's)  in  selected 
circuits  to  a  transient  environment  which  will  electromagnetically  couple 
energy  into  EED's.  These  transfer  functions  are  then  used  to  estimate  the 
amount  of  energy  which  is  electromagnetically  coupled  into  the  bridgewire 
of  the  EED's  from  the  environment  produced  by  a  lightnirig  strike. 


39.  Distribution  of  RF  Fields  Over  a  Carrier  Deck  E.  H,  Smith 

A  theory  is  developed  which  yields  the  electromagnetic  fields  of  whip 
and  monopole  antennas  located  at  the  edge  of  the  carrier  deck.  Calculations 
are  presented  and  compared  with  shipboard  measurements.  Some  discussion  is 
given  on  the  behavior  of  the  antenna  field  at  the  deck  edge,  and  the  relation 
of  the  results  to  classical  diffraction  theory. 


kO.  The  Utilization  of  Gamma  Radiation  for  Weapon  Martin  J.  Cohen 

Control  Systems  (U)  Rudolph  N,  Griesheimer 

This  paper  will  treat  the  properties  of  gamma  radiation  arising  from 
radioisotopes  in  the  design  of  weapon  control  systems.  Sources,  sensors  and 
equipment  for  communication,  evaluation  and  decision  determination  for  control 
of  weapons  will  be  considered.  The  performance  capability  of  this  equipment 
as  related  to  environment,  physical  characteristics  and  reliability  will  be 
discussed. 


iil.  Organic  Pol:'/mer5  as  RF  Attenuating  Materials  Howard  W.  Christie 

Bernard  F.  Jones 
James  J.  Downs 

The  development  of  carbonyl  iron  solid  state  attenuators  has  provided 
adequate  attenuation  at  frequencies  above  100  Me,  As  there  appears  to 
be  little  possibility  of  increasing  the  low  frequency  attenuating  abilities 
of  these  materials  the  investigation  of  other  classes  of  lossy  materials 
becomes  of  importance.  There  are  a  number  of  materials  that  can  be  considered 
for  use  in  attenuators;  among  these  are  organic  compounds  and  organic  polymers 
that  show  high  dielectric  constants  and  appreciable  electrical  conductivity. 


A2,  Thermal  Analyses  of  Primary  ExplosWes  George  Gvadeba 

Decomposition  of  primary  explosives  which  had  been  heated  to  elevated 
tenqseratures,  has  been  studied  by  a  variety  of  techniques.  Application  of 
differential  thermal  anslyses  to  the  study  of  diazodinitrophanol  is  discussed 
togetner  with  gas  chromatographic  studies  of  lead  azide. 
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34.  THE  PREDICTION  OF  \'ERY-LOW 
BED  FIRING  PROBABILITIES 

By  J.  H.  Ayrea,  L.  D.  Hanpton,  I.  Kabik 
U.  S.  Naval  Ordnanca  Laboratory 
vfhltA  Oak.  Silver  Spring,  Maryland 


INTRODUCTION 

1.  The  aaaeasment  of  the  hazarda  of  electroaagnatic  radiation 
to  axploaive  ordn  nee  centera  largely  about  the  deteraiination  of 
the  probability  cr.  inadvertantly  firing  electio-exploalva  devicaa 
by  RF  energy.  A  major  part  of  thia  paper  will  be  devoted  to  ex¬ 
pounding  the  theaia  that,  in  general,  the  firing  probability  of 
EEO'a  haa  not  been  determined  with  aufficlent  accuracy  to  allow 
the  hazard  aaaeaaamnt  to  be  made  with  raallatlc  preclalon.  A 
aecond  objective  will  be  to  aet  forth  technlguaa  by  which  the 
firing  probabilltiea  of  EED'a  can  be  determined  with  greater 
accuracy  at  input  atlmuli  aaaoclated  with  low  firing  reaponae. 
Finally,  it  ia  hoped  that  thia  paper  will  give  enough  inaight 
into  the  problem  of  predicting  ESD  raaponaa,  that  the  praaently 
uaed  ambiguoua  concepta  of  'All-Flra*'  and  "Mo-Fire”  polnta  will 
be  eradlcatad. 

2  •  The  aafaty-daaign  goal  for  Naval  weapon  fuzaa  haa  long 
bean  that  there  be  no  more  than  one  weapon  in  a  million  whareln 
the  warhead  charge  ahall  be  initiated  unintentionally  at  any  time 
frma  manufacture  to  target  delivery.  Thia  fact  ia  cited  to 
Indicate  tha  high  laval  of  aafaty  deairad  in  the  Navy 'a  detonating 
munltiona  and  aa  point  of  rafarenca  for  eatabllahlng  aafaty  goala 
for  today 'a  modem  waapona  of  larger  range  and  potency.  The 
demenatration  of  auch  probability  lavela  la  virtually  Impoaalble 
by  direct  testing  methoda.  Inferential  methoda  muat  be  uaed  to 
amasa  relevant  data  and  to  make  acceptable  estimates. 

RESPONSE  OF  BED'S 

3.  The  major  portion  of  tha  HERO  problem  arises  from  the  RF 
vulnerable  EED's  used  throu^out  weapon  systems.  It  is  necessary 
that  EEO  sensitivity  to  electrical  energy  (power)  be  related  to 
the  aabient  electrical  environment  if  an  estimate  of  safety  is  to 
be  mada.  Furthenaera  tha  sensitivity  (probability  of  response  to 
a  particular  intensity  of  environment)  is  needed  at  a  very  low 
probability  of  firing  level. 


c.  That  th*  saeqple  Is  repressntativs  of  the  batch 
or  lot  from  which  it  was  taken. 

d.  That  the  sampled  batch  (or  lot)  is  representative 
of  all  possible  batches  (or  lot'.)  of  that 
particular  BED. 

e.  That  the  distribution  function  eiqployed  in  making 
the  extrapolation  does  in  fact  describe  the 
sensitivity  of  the  BED. 

8.  If  extrapolation  is  so  dangerous  why  is  it  used?  Why  are 
not  the  extresM  functioning  responses  measured  directly  rather 
than  by  this  tenuous  method?  The  obvious  reason  is  that  the  number 
of  bed's  (often  very  costly)  needed  to  make  a  direct  BMasurement 

is  prohibitive.  Suppose  one  is  interested  in  knowing  the  current 
which  will  cause  not  store  than  one  in  ten  thousand  EEO's  to  fire. 

It  would  be  necessary  to  observe  thirty  thousand  trials  without  a 
single  fire  before  one  could  say  with  ra<.sonable  assurance  (a  risk 
of  one  chance  in  twenty)  that  the  current  will  net  cause  awre  than 
one  in  ten  thousand  EED'a  to  fire. 

CHOICE  OP  DISTRIBUTION  PONCTIOH 

9.  There  is  no  ether  way  out  than  extrapolation  in  the  present 
state  of  the  art.  There  is  conaiderable  hope  that  knowledge  of 
the  electro-thensal  parasMters  coupled  with  the  hot-spot  theory* 
will  eventually  make  it  possible  to  establish  safe  currents  through 
BED  brldgewlrea.  Until  such  tisw  we  snist  therefore  select  a 
distribution  function  which  will  be  used  as  a  basis  for  making  the 
desired  estimates. 

10.  To  our  knowledge  only  in  two  instances  have  there  Iseen 
sufficiently  detailed  tests  made  to  give  a  quantitative  picture 
of  the  sensitivity  distribution  function  of  EED'a.  One  ef  these 
waa  carried  out  here  at  Franklin  Institute  on  4362  carbon  bridge 
bed's.  The  ether,  carried  out  on  7890  wire  bridge  EED'a,  was 
reported  at  t))e  last  NERO  Congress  by  two  ef  the  present  authors*. 
This  work  leads  to  the  following  conclusions  concerning  the  proper 
choice  of  distribution  function i 

a.  The  horisontal  axis  should  be  in  logarithmic  units, 
i.o.,  log  curront,  log  onorgy,  or  log  voltago. 

b.  Tho  Oaussian  pro1»abllity  curvo  is  not  a  good  fit 
sineo  it  predicts  too  hifpt  a  reliability  above  tho 
50K  point . and  toe  low  a  probability  (greater 
safety  than  actually  exists)  below  the  50K  point. 

c.  The  logistic  distribution  function  does  not  give 
an  accurate  fit  iMit  at  least  it  seems  te  err  on 
the  side  of  ever  conservatism. 

It  has  ]>eep.  the  authors'  rocommandatiea  that  in  tho  absoneo  ef 
more  definitive  infonsatimi,  the  log-logistic  distribution  function 
be  used  for  making  extreme-funetiening  probability  estimates  ef 
wire  bridge  EEO's.  HuCh,  if  net  most,  of  tho  ostimatos  currently 
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available  In  the  literature,  manufacturing  data,  and  specificationa 
are  based  on  the  Gaussian  distribution  rather  than  the  logistic. 

11.  In  passing,  wa  would  like  to  point  out  an  extra  advantage 
in  using  the  logistic  distribution  function.  Being  of  the  form: 

L»ln®  “  JtrS 
<1  r 

where  p  is  probability.  q~l-p.  x  is  tha  stimulus,  x  is  the  mean 
stimulus,  and  r  la  tha  reciprocal  of  the  slope  in  tha  logistic 
probability  space.  This  function  can  be  evaluated  with  a  set 
of  log  tables  for  desk  computations  and  can  be  programmed  very 
simply  for  high-speed  computers.  The  cumulative  Gaussian  function 
cannot  be  evaluated  in  tenss  ef  elementary  functions  and  is  therefore 
difficult  to  incorporate  into  high-speed  coe^uter  programs. 

LIMITATIOMS  OF  THB  BRUCETOH 
DATA-COIXECTION  PLAN 

12.  Tha  Brucaton  plan  is  tha  s  :st  widely  used  method  today  for 
obtaining  and  analyzing  firing  data,  undoubtedly  because  of  tha 
conservative  sample  size  and  tha  ease  of  making  statistical  calcula¬ 
tions.  But  the  Brucaton  plan  is  extremely  poor  for  making  tha 
largo  extrapolations  needed  in  tha  astimatiar.  of  axtresw  firing 
levels.  Tha  testing  is  eonduetad  close  to  tha  SOK  firing  level 
requiring  that  the  distribution  function  bo  vary  wall  known  to 
allow  long  extrapolations.  Further  tha  Brucaton  plan  tends  to  give 
poor  estimates  of  the  standard  deviation,  which  is  one  of  tha 
parameters  by  tdiich  the  extrapolation  is  made.  Nork  carried  out 

in  England  ^  J.  W.  Martin  of  the  Royal  ^mament  Research  and 
Oevolopnmnt  Establishment,  Waltham  Abbey  ,  shews  that  poor  estimates 
of  the  standard  deviation  occur  even  with  raaaonabla  saiw^le  sises 
(100  firings,  far  oxaMplo).  Tha  situation  is  depicted  graphically 
in  Figures  S  and  (,  «diich  were  obtained  by  making  hi^ -speed 
computer  Brucaton  runs  with  a  known  normal  distribution.  Bare  it 
can  ba  saan  that  the  standard  daviatian  tands  to  ba  undarastimatad, 
in  soma  casas  by  as  much  as  fifty  par  cent.  Undarastimating  tha 
standard  daviatlon,  of  course ,  will  give  overly  optimistic 
pradictians  of  both  safety  and  reliability.  To  undarastimata  tha 
true  standard  daviatlon  by  tnirty-thraa  or  titty  par  cant  wixx  give 
unraasonabla  astimatas  of  tha  various  firing  points  as  dwwn  balcw 
«diara  extrapolation  is  made  from  tha  fifty  par  cant  firing  level. 


True  Firing 
Frobability 

Far  Cant 

Fradictad  Firing  Probability 
Par  Cant 

s>0.5o  s*0.67er 

0.0182 
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0.001 

0.069 

3. 14$ 

0.01 

0.264 

6.118 

0.10 

1.024 

12.24 

1.0 
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26.08 

10.0 
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33.68 
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DIFFERENCE  BETWEEN  TEST  HEIGHTS  IN  STANDARD  DEVIATIONS 
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FIGURE  5.  SPECTRUM  OF  STANDARD  DEVIATIONS  EACH  HISTOGRAM  GIVES  THE  RESULT 
OF  lOO  TRIALS  OF  25  ITEMS.  THE  X  AXIS  SHOWS  THE  RATIO  OF  “FOUND" 
TO  "TRUE"  STANDARD  DEVIATION, 
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FIGURE  6  SPECTRUM  OF  STANDARD  DEVIATIONS  EACH  HISTOGRAM  GIVES  THE  RESULT 
OF  100  trials  of  100  ITEMS  THE  X  AXIS  SHOWS  THE  RATIO  OF  “FOUND" 
TO  “TRUE"  STANDARD  DEVIATION 


TAKEN  FROM  PRIVATE  COMMUNICATION  OF 

J.W.  MARTIN,  RARDE 
FORT  HALSTEAD,  ENGLAND 


4.  In  order  to  understand  the  various  methods  of  predicting 
extreme  firing  probability  levels  a  passing  understanding  of 
probability  distribution  functions  is  of  benefit.  It  has  been 
found  that  the  values  of  many  naturally  occurring  phenosMna  can 
be  sufficiently  well  described  for  many  purposes  by  the  normal 
(Gaussian)  distribution  function,  for  example,  the  heights  of 
1162  Vassar  students  in  1958  (Figure  1) .  Hare  wa  can  sea  that 
the  Gaussian  curve  describes  the  distribution  of  haighta  quits 
well  except  at  the  upper  tail  where  only  one  or  two  students  would 
be  expected  to  be  over  6  feet  tall.  Actually  there  ware  five. 

5.  The  normal  distribution  can  be  represented  graphically  in 
a  number  of  different  ways:  the  bell-shsped  frequency  curve 
(figure  2) ,  the  cumulative  curve  or  ogive  curve  (Figure  3) ,  a.nd 
the  cuBiulative  curve  transforswd  to  a  straight  line  by  plotting 
in  an  appropriate  probability  space  (Figure  4) .  While  thaaa 
three  forma  appear  to  be  different  they  are  equivalent.  They  all 
demonstrate  the  fact  that  the  function  ia  asymptotic  at  both 
extreaies.  That  is,  the  probability  of  initiation  doea  not  become 
zero  until  the  atimulus  is  decreasing  without  limit.  Similarly 
100%  probability  is  approached  but  never  actually  attained. 

Vfhether  or  not  this  asymptotic  property  ia  an  accurate  description 
of  the  nature  of  GED's  will  be  brought  out  in  later  diacussiona, 
particularly  whan  considering  “All-Fire"  and  *Ro-Fira*  concepts. 

6.  The  cumulative  function  is  the  more  useful  one  for  swking 
estimates  of  extrema  firing  probability  levels,  particularly  whan 
in  the  straight-line  form*.  Prom  the  strai^t  line  relation  it 
is  obvious  that  a  particular  distribution  can  be  fully  identified 
by  two  data  points i  either  a  particular  functioning  stimulus-and- 
probability  point  and  the  slops  of  the  line,  or  else  two  funetion- 
ing-stlmulua-and-probability  points , 

THB  METHODS  FOR  8STINATIIIO  IXTRBU 
FXmCTIOMIlKi  PROBABILITY  POIVTS 

7.  Extrams  functioning  probability  points  for  BBO's  have 
usually  bean  astimatad  by  extrapolating  on  tho  basis  of  an  sxperi- 
mentally  determined  moan  and  standard  deviation.  As  is  tho  way 
with  extrapolations,  this  process  can  load  to  seriously  faulty 
answers.  There  are  certain  assumptions  inhoront  in  the  oxtrspolstloni 

a.  That  the  saavla  siso  is  adequate 

b.  That  the  sample  is  used  efficiently.  (This  is 
controlled  by  the  design  of  the  experiment  and 
the  accuracy  of  the  apparatus.) 


*  It  should  be  noted  that  the  point  of  intersection  of  the  line 
with  the  50%  firing  level  is  designated  as  u>  the  fifty  per 
cant  firing  stimulus,  while  c,  the  standard  deviation  is  the 
reciprocal  of  the  slope  at  u.  It  is  a  statistical  convention 
to  reserve  tho  Greek  symbols  u  and  c  fcr  expressing  the  properties 
of  the  parent  population  and  x  and  s  respectively  as  the 
astimatas  based  on  sMasuraments  on  samples  from  the  population. 
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FIGUREII.  LOT-TO-LOT  VARIABILITY  OF  THE  CONSTANT- CURRENT 
SENSITIVITY  OF  MK.  II*~TYPE  PRIMERS 
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FIGURE  12.  FAILURE  OF  BRUCETON  TEST  AND  ANALYSIS  TO  DETECT 
AN  INHERENT  DUD  RATE 


would  be  in  the  form  of  a  statement  that  the  error  is  probably 
less  than  a  certain  amount.  In  a  certain  proportion  of  the 
tests,  five  per  cent  for  axaiwpla,  the  error  will  be  greater  than 
this  amount. 

21.  Remember  that  these  error  estimates  will  be  valid  only  if 
the  sample  was  taken  randomly.  A  random  sample  is  one  in  which 
the  selection  of  the  individual  items  does  not  depend  upon  any 
property  of  the  item.  Every  item  must  have  an  equal  chance  of 
being  selected  as  a  member  of  the  sasple.  In  swny  casas  the 
selection  of  a  truly  random  sample  becomes  difficult  if  not 
actually  impossible.  Por  example,  we  cannot  obtain  a  random  sasq^le 
of  all  Mk  114  Primers.  The  sample  snist,  for  practical  reasons, 

be  drawn  from  the  items  on  hand  at  a  particular  time  and  place. 

The  result  is  that  one  does  not  estlmata  the  characteristics  of 
the  Mk  114  Primer  but  of  soste  particular  lot  or  group  of  these 
Primers.  As  was  pointed  out  in  the  preceding  paragraph  any 
attempt  to  consider  these  results  as  a  charactarication  of  tha  Mk 
114  Primer  is  fallacious.  This  is  tha  same  error  as  that  made  by 
the  European  who  thinks  that  he  knows  what  Americans  are  like 
because  he  has  seen  a  fsw  Aicerican  movies  or  has  spent  a  day  or 
two  in  Mew  York  City. 

THE"ALL-PIRE*  “MO-PIRB"  TRAP 

22.  Over  the  past  few  years  there  has  bean  an  increasing 
tendency  to  use  as  concepts  for  characterising  EBD'si 

a.  The  ”Mo-Pira*  level,  l.a.,  tha  largest  input 
stimulus  which  can  be  applied  to  an  EBD  without 
initiating  it. 

b.  The  *A11-Plra*  level,  l.e.,  tha  smallest  input 
stimulus  which  must  be  appllad  to  an  BED  to 
initiate  it  with  certainty. 

These  concepts  are  very  handy  from  the  anglnearlng  standpoint. 

They  may  evan  be  true.  But  to  date  we  have  not  been  able  to  devise 
a  method  for  locating  thasa  points  or  lavals  or  of  varlfylng 
their  existence. 

23.  Tha  usual  process  for  estimating  tha  ”A11-Plra”  and  'Vo- 
Pire*  levels  involves  a  measurweent  of  response  at  a  number  of 
levels  and  than  an  extrapolation  in  tha  appropriate  direction 
with  an  assumed  distribution  function.  But  the  ssyaqptotlc  limits 
of  the  distribution  function  are  automatically  assusMd  since  they 
are  part  of  the  distribution  function.  And  thasa  limits  are  tha 
desired  *Mo-Pire*  and  *A11-Pira*  levels.  Slnca  thay  have  been 
assumed  a  priori,  they  cannot  be  estlmetad  or  messurad  by  the 
assumed  distribution  function.  Thase  limits  sre  -•  and  for  a 
linear  normal  or  linear  logistic  function.  Since  a  negative 
firing  energy  or  power  is  meanlnglass  the  logarithmic  transform 

is  usually  used.  With  the  logarithmic  traiis formation,  the  "Mo-rlro'* 
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level  becomes  zero  energy  or  power  and  the  "All-Fire"  level 
remains  -t  m.  Other  distribution  functions  could  easily  be 
conjured  up  which  would  be  asymptotic  at  finite  non-zero  levels, 
but  they  would  have  to  be  based  on  absolute  knowledge  before 
their  limits  could  be  identified  with  certainty  as  the  desired 
“All-Fire"  and  "No-Fire"  levels. 

24.  There  is  a  way  of  getting  an  idea  whether  or  not  a 
particular  test  level  is  above  or  below  the  "All-Fire"  level.  For 
instance,  let  us  assume  that  3  million  units  of  a  particular 

type  of  EBO  are  to  be  tested  at  3.0  amperes.  If  there  is  a 
mixed  response  (both  fires  and  fails)  we  Icnow  with  certainty 
that  the  “All-Fire"  level,  if  it  exists,  is  greater  than  3.0 
amperes.  If  all  of  the  units  respond  we  may  have  exceeded  the 
“All-Fire"  level.  But  there  is  still  one  chance  in  twenty  that 
we  are  at  as  low  a  probability  as  a  0.999,999*.  There  is  an 
even  greater  chance  that  we  have  not  exceeded  the  "All-Fire" 
level.  But  to  get  this  assurance  of  only  one  in  a  million 
failure  level  at  95K  confidence  we  had  to  use  a  fantastic  sample 
size  and  we  still  are  not  sure  that  we  have  reached  an  "All-Fire" 
level  or  even  that  it  exists. 

25.  The  term  "No-Fire*  is  an  idea  which  seems  to  us  to  be 
similar  to  the  idea  of  an  upper  boundary  to  the  earth's  atmosphere. 
All  of  the  Initiators  of  a  given  kind,  the  entire  population 

in  statistical  language,  correspond  in  this  analogy  to  the 
atmos^era.  The  population  of  initiators  is  made  up  of  individuals 
each  of  which  will  have  a  minimum  stimulus  requirement  just  as 
the  atmosphere  is  made  of  individual  aMlecules  each  having  a 
certain  height**  above  the  earth.  If  there  is  atmosphere  at  any 
given  height  above  the  earth's  surface  then  there  will  be  some 
gas  molecules  at  a  slightly  greater  height.  A  similar  situation 
exists  with  initiator  sensitivity.  If  a  few  initiators  will 
fire  at  a  given  stisMlus,  it  is  impossible  to  say  that  a  decrease 
of  an  erg  in  the  energy  or  a  mllliampere  in  the  current  would 
never  result  in  a  fire. 

26.  It  is  our  contention  that  the  terms  "All-Fire*  and  "No-Fire* 
do  not  mean  literally  what  they  say.  Is  there,  then,  a  meaning 
for  these  terms  which,  though  different  from  the  literal  trans¬ 
lation,  is  generally  accepted.  It  is  certainly  possible  that  an 

*The  sample  size  needed  to  make  this  same  sort  of  a  prediction  at 
other  probabilities  can  be  computed  very  simply  byt 
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where  N  is  the  number  of  items  ia  the  sample,  P  is  the  Iwfer  95% 
coafldeace  limit  for  the  estimate  of  the  probability  of  haviag 
observed  N  fires  out  of  N  trials. 

**For  the  purposes  of  this  analogy  it  is  iimaterial  that  the 
minimum  stimulus  requirement  of  the  initiator  is  fixed  while  gas 
molecule  heights  vary  with  time.  The  atmosphere  analogy  is 
restricted  to  a  single  instant  in  time. 


13.  Other  Monte  Carlo  studies  carried  out  independently  at 
the  Naval  Ordnance  Laboratory  show  dramatically  the  imprecision 
to  be  expected  with  small-sample  size  Bruceton  determinations. 
Fifteen  Bruceton  type  tests,  twenty  shots  per  test  ,  were  carried 
out  using  a  population  with  a  known  mean  of  5.60  and  a  known 
standard  deviation  of  2.00.  Figure  7  compares  the  individual 
estimates  of  the  90,  SO  and  10  per  cent  points  with  the  known 
population.  Note, for  instance,  that  the  predicted  10  per  cent 
point  of  the  eighth  run  is  higher  than  the  predicted  90  per  cent 
point  of  the  fifteenth  run. 

14.  Still  another  instance  can  be  quoted.  Recently  one  thousand 
Primers  Mk  114  were  fired  under  constant  current  conditions  at 

the  Naval  Ordnan-.e  Laboratory.  A  preliminary  30  shet  Bruceton  run 
yielded  a  50  per  cent  point  of  71.8  miliianperes  which  is  virtually 
the  same  as  was  observed  for  the  1000  shot  rundown  tests .  The 
Bruceton  predicted  1  per  cent  firing  level  was  62.7  millianq^eres . 
Experimentally  in  the  rundown  at  a  level  of  62.5  milliamperes 
3.85%  functioning  was  actually  observed. 

is.  The  original  paper  on  the  analysis  of  the  Bruceton  method 
gives  a  test  for  normality.  Z'iiLi  is  based  on  what  is  known  as 
the  Chi-square  test.  Unfortunately  use  of  this  test  will  never 
prove  that  the  distribution  is  normal.  Failure  to  pass  the  test 
is  usually  taken  as  proving  that  the  distribution  is  not  normal 
whereas  passing  the  teat  merely  shows  that  it  could  be,  but  is 
not  necessarily,  normal.  What  is  even  more  disquieting,  unless 
the  distribution  differs  greatly  from  the  normal  s  large  number 
(i.e.,  many  hundreds)  of  trials  will  be  required  to  establish  the 
non-normality  of  the  distribution.  The  usual  Bruceton  test  dees 
not  have  a  sufficient  number  of  trials  to  do  this. 

16.  Another  very  serious  limitation  lies  in  the  fact  that  the 
Bruceton  test  collects  the  data  near  the  fifty  per  cent  point. 

There  are  many  possible  distribution  functions  which  would  match 
the  data  collected  over  this  range  in  a  very  satisfactory  Mnner 
but  which  would  differ  to  a  very  considerable  extent  for  low  or 
high  per  cent  response  points.  Figure  8  shows  several  such  curves 
fitted  to  data  of  a  typical  Bruceton  test.  To  state  this  problem 
in  another  way,  if  the  true  distribution  function  should  be  even 
slightly  peaked,  or  slightly  flattened,  near  the  mean  (as  compared 
with  the  assumed  function)  then  we  find  that  the  true  and  assumed 
functions  would  have  diverged  greatly  by  the  time  the  extresM 
functioning  probability  levels  were  reached.  For  instance,  in 
Figure  9  we  see  a  case  where  the  true  function  had  longer  tails 
than  the  assuswd  function.  Even  if  we  had  a  perfect  Bruceton, 
one  in  which  the  mean  and  the  standard  deviation  measured  at  the 
mean  were  without  error,  we  would  be  uking  overly  optimistic 
estimates  at  both  ends.  In  Figure  10  we  show  a  way  we  can  collect 
the  data  to  reduce  the  effect  of  lack  of  agreement  of  the  true  and 
assumed  functions. 


17.  For  emphasis,  vs  rspeat  that  ths  Bruceton  collection  plan 
should  not  be  used  for  this  work.  Wa  realize  that  the  Bruceton 
plan  is  an  old  friend.a popular  and  tried-and-trusty  tool.  It  has 
its  uses.  But  it  is  not  the  tool  for  this  job.  Here  we  must  find 
some  way  of  allocating  our  seusples  so  that  we  approach  more  closely 
to  the  functioning  level  wa  wish  to  estimate  but  yet  not  get  so 
far  away  from  the  mean  that  we  get  almost  meaningless  (saturated*) 
data. 


BATCH-TO-BATCH  AND  LOT-TO-LOT  VARIABILITY 

18.  It  is  usual  to  treat  electro-explosive  devices  as  if  each 
had  individual  f  'xed  characteristics.  We  th.'nk  in  terms  of  a 
fixed  firing  energy  for  a  particular  design  of  BED  under  given 
conditions,  and  publish  data  to  show  what  its  characteristics  are. 
For  example,  the  Hk  1  Squib  requires  10,U00  ergs  for  50%  firing 
under  adiabatic  input.  But  it  is  known  that  when  each  of  two 
different  manufacturers  make  the  squib  the  firing  characteristics 
will  probably  be  different.  These  differences  can  occur  from 
slightly  different  bridge  wire  lengths,  bridge  wire  diaMters, 
fineness  of  explosive  about  the  bridge  wire,  etc.  It  has  even 
been  found  that  when  the  same  manufacturer  makes  the  same  BED  over 
a  period  of  time  the  firing  characteristics  may  vary  widely.  An 
example  of  this  is  sho%m  for  the  bridge-explosive  combination  of 
the  Mk  114  Primer,  nwnufactured  by  the  sasw  company  with  an  interval 
of  approximately  10  years  between  the  two  manufactured  batches, 
(Figure  11) . 

19.  Thet  an  EEO  cannot  be  considered  to  h*  of  fixed  firing 
characteristics  is  thus  apparent.  This  fact  should  not  be 
surprising  when  it  is  realized  that  manufacturers  using  t)>e  same 
plant,  equipment,  and  processes  can  turn  out  both  acceptable  and 
unacceptable  lots  of  bed's  during  a  given  production.  What  should 
not  be  expected  or  assumed  is  that  a  given  variety  of  BED  is 
invariant  in  its  characteristics;  consequently  safety  estimates 
cannot  be  realistically  made  assuming  invariant  firing  properties. 

SAMPLING  ERROR 

20.  In  estimating  the  firing  characteristics  of  a  group  of 
bed's  tost  firing  roust  be  made  with  a  sample  taken  from  the  group. 
The  results  of  this  test  firing  can  be  taken  as  estimates  for  the 
group  as  a  Whole.  These  estimates  will,  of  course,  differ  from 
the  true,  but  unknown,  values.  These  differences  constitute  the 
sampling  errors.  Their  possible  magnitudes  for  random  samples 
can  be  estimated  by  standard  statistical  methods.  These  estimates 


*  By  saturated  data  wo  mean  a  level  at  which  all  fails  or  else 
all  fires  were  observed.  Since  we  compute  pmOffiSt-XsItl.  we 
would  find  p^O  or  <•  respectively.  We  would  be”anaBle*to^piot 
it  in  our  straight  line  cusnilative  probability  space 


some  measure  of  the  variability  of  the  sample  such  as  s,  th« 
standard  deviation,  we  must  be  assured  that  the  variability 
introduced  by  instrumentation  errors  is  small  ccxnpared  to  the 
variability  inherent  in  the  BED.  Reference  6  is  suggested  as 
a  detailed  analysis  of  the  quantitative  problems  of  firing  EED’e 
by  capacitor  discharge.  And  finally,  the  importance  of  choosing 
the  right  distribution  function  has  been  discussed  in  detail 
elsewhere  in  this  report. 

DESIGN  OF  A  DATA  COU.SCTION  PLAN  OPTIMIZED 
FOR  MAKING  EXTREME  FUNCTIONING  PROBABXLITY  ESTIMATES 

32.  In  order  to  minimize  the  importance  of  assumptions  regarding 
the  frequency  distribution  it  is  desirable  to  base  these  estimates 
on  data  taken  as  close  as  possible  to  the  per  cent  point  to  be 
determined.  The  simplest  such  test  would  be  one  which  calls 

for  testing  at  two  stimulus  levels  near  to  the  region  in  question. 
One  of  the  two  levels  will  be  further  from  the  mean  and  closer 
to  the  desired  point  than  the  other.  This  will  be  designated 
the  remote  stimulus  level.  The  data  obtained  can  than  be  extrapo¬ 
lated  to  determine  the  stimulus  associated  with  the  desired  per 
cant  point.  In  planning  su^  an  experiment  the  following  conditions 
should  be  met i 

a.  The  difference  between  the  stimuli  used  should  not 
be  small  compared  to  the  extrapolation  distance 
(the  differoice  between  the  desired  point  and  the 
observed  remote  stimulus) 

b.  The  nusber  of  trials  at  the  reisote  stimulus  level 
and  the  expected  response  at  this  level  must  be  such 
that  the  probability  of  observing  either  all-firea 
or  all-fails  is  small 

c.  The  number  of  trials  made  at  the  remote  functioning 
level  should  be  greater  than  the  number  of  trials  at 
the  level  closer  to  the  mean.  A  good  choice  is  to 
ta)ce  the  number  so  that  the  product  np  (1-p)  is  the 
same  for  both  levels  tdtere  n  is  the  nuaber  of  trials 
and  p  is  the  expected  probability  of  fire. 

33.  The  general  approach  in  implementing  this  method  is  to  run 
a  preliminary  abort  Bruceton  which  is  used  to  eatimate  two 
stimulus  lavala  at  which  the  remainder  of  the  sample  will  be 
fired.  At  the  first  level  (the  one  cloaer  to  the  mean)  'the 
smaller  portiwn  of  the  remaining  aaa^le  ie  fired.  If  the  ob- 
aarvad  response  is  not  toe  different  from  what  was  expected 
from  the  Bruceton  teat,  the  resMinder  of  the  aample  ia  fired 

at  the  previously  aolected  remote  level.  If  the  responae  at 
the  firat  level  is  greatly  at  variance  with  the  expected  reaponse, 
the  test  plan  ia  altered  to  reallocate  the  sample  resuiinder. 


jl4.  The  following  is  a  step-by-step  procedure  for  firing  two 
hundred  samples ; 

a.  Fire  twenty  items  in  a  Bruceton  test  to  obtain 
preliminary  estimates  of  the  mean,  m,  and  the 
standard  deviation,  s.  A  log-transform  of  the 
dosage  (current,  potential,  energy)  is  taken  as  the 
stimulus 

b.  Compute  the  magnitude  of  the  two  test  levels  neer 
stimulus  (first  level)  ••  m-0.4s,  remote  stimulus 
(second  level)  “  m-1.3s 

c.  Test  fifty  items  et  the  near  stimulus  level 

(1)  if  five  or  fewer  fires  are  observed, 
redefine  the  neer  stimulus  level  as  the 
remote  level  by  continuing  firing  at  this 
level  until  one  hundred-thirty  Items  are 
expended.  Fire  the  remaining  fifty  at  m-0.2s 

(2)  If  more  then  five  fires  are  observed  (the 
usual  circumstance)  fire  the  remaining 
one  hundred-thirty  units  at  the  original 
remote  stimulus  level. 

35.  The  foregoing  procedure  is  set  up  for  use  when  a  lew 
per  cent  point  is  desired.  This  method  can  be  used  for 
determining  a  high  per  cent  point  by  making  the  appropriate 
changes.  The  tost  levels  should  be  computed  by  adding,  rather 
than  subtracting,  the  eppropriete  multiple  of  s.  The  criterion 
for  altering  test  levels,  l.e.,  *flva  or  fewer  fires*,  would 
be  changed  to  *flve  or  fewer  fells*. 

36.  There  Id  one  problem  In  reliability  determination  which 
does  not  have  Its  counterpart  at  lew  per  cant  points.  This  is 
the  possibility  of  the  presence  of  duds  which  would  not  respond 
to  any  stimulus,  no  matter  how  groat.  Obviously  If  more  than 
one  per  cent  of  the  papulation  were  duds,  e  99%  functioning  point 
would  bo  e  fiction.  It  could  net  exist.  Figure  12  shews  the 
expected  response  ef  a  normally  distributed  populetlon  contamlneted 
by  5%  duds.  As  cen  be  seen  frem  the  figure.  If  en  experiment 

wore  made  covering  the  range  from  15  to  S0%  response,  the  deta 
obtained  could  bo  represented  quite  well  1»y  a  straight  line. 

Hence  any  test  made  entirely  in  this  Intervel  would  give 
completely  erroneous  predictions  for  responses  alBove  90%.  This 
%Muld  completely  ellmlnete  the  Bruceton  teat  for  estimating 
high  functioning  probabllitiss  unless  the  absence  of  duds  Is 
assumed.  Ordlnsrlly  the  proportion  of  duds  Is  smaller  and 
therefore  harder  to  detect. 

38.  The  data  collection  plan  described  above  erdlnarlly  yields 
seme  centre! ly-cellected  Bruceton  dote  plus  deta  at  two  levels 
which  mixed  responses  ere  obeerved.  Because  the  Bruceton  deta 
are  collected  et  the  isean  and  et  levels  most  remote  frem  the 


arbitrary  definition  cov  u  be  made  and  generally  accepted  in 
the  same  way  as  other  er  .^irical  parameters  such  as  Flash  point 
of  oil.  .ield  point  'f  teel,  etc.  At  present  there  are  many 
interpretations  of  tl.e  concepts  ranging  from  carefully  computed 
points  CO  engineering  hunches  and  guesses. 

27.  For  instance,  we  find  in  the  specifications  for  the  Squib 
Mk  1  that  either  forty-five  or  seventy-five  items  (depending 
upon  the  lot  size)  are  to  be  tested  with  a  current  of  200 
milliamperes .  If  none  fire  the  lot  is  accepted.  This  200 
milliampere  level  is  quoted  as  the  ‘‘No-Fire*  current  for  this 
initiator.  But  the  ghastly  truth  is  that  the  chances  are  five 
out  of  eight  that  forty-  ^ive  failures  would  be  observed  at  a 
level  which  in  reality  was  the  1%  functioning  level.  Or,  to 
look  at  it  another  way,  a  m,. Aufacturer  could  be  producing  Hk  1 
Squibs  which  will  function  0.1%  of  the  time  at  this  200  ^lli- 
aiq>ere  *A11-Fail*  and  have  19  out  of  20  lots  avcoptod. 

28.  Recently  certain  groups  at  tne  Bureau  of  Naval  Weapons  have 
decided  to  define  the  *m-4s*  and  the  m4'4s*  levels  as  the  *All- 
Fail*  and  All-Fire*  levels  respectively.  These  correspond  to 
probabilities  of  34  in  a  million  that  an  adverse  result  is 
expected  in  either  case,  i.e.,  0.000034  or  0.999966.  The  choice 
of  4  standard  deviations  away  from  the  mean  is  purely  arbitrary. 

It  is  a  seat-of-the-pants  compromise  between  what  one  mi^t  like 
to  be  able  to  say  (one  in  a  million)  and  what  one  might  be  really 
justified  in  saying  (one  in  a  huridred) . 

THE  WAY  OUT 

29.  By  now  the  picture  we  have  painted  must  indeed  be  bleak. 

We  have  said  that  even  if  a  good  random  sample  is  taken  from  the 
lot  being  tested  there  is  no  assurance  that  the  other  lots  will 
not  differ  from  it.  We  have  said  that  the  normal  distribution 
and  the  Bruceton  data-collection  plan  should  not  be  used  to  ma)ce 
extrapolations.  We  have  said  that  the  "All-Fire*  and  "Bo-Fire" 
levels  probably  do  not  exist  or  else  if  they  do  exist  they  cannot 
be  determined  by  direct  experiamnt.  We  will  say  further  that  it 
will  almost  always  be  the  case  that  safety  estimates  must  be  made 
by  extrapolating  hopefully  with  a  surmised  distribution  function 
on  data  derived  from  an  inadequate  sample  size  taken  from  a  lot 
which  probably  will  be  different  from  the  lot  that  is  used  in 
the  weapon. 

30.  The  first  purpose  of  this  paper  is  to  post  a  warning  as  to 
the  nature  and  degree  of  the  problem.  The  second  is  to  show  ways 
to  reduce  the  likelihood  of  making  faulty  estimates t 

a.  Get  the  largest  possible  saxg>le  size 

b.  Hake  sure  that  the  sampling  was  random 

c.  Hake  sure  that  the  firing  instrusMntation  is  in  good 
order.  (The  Inherent  experimental  error  should  be  known.) 

d.  Carry  out  the  firing  according  to  a  plan  which  has  l>eon 
optimized  for  the  purpose  of  making  the  desired  estiitato 


e.  Choose  the  distribution  function  which  will  yield 
conservative  estimates 

f.  Estimates  should  be  made  realistically  in  vlev/  of  the 
limitations  inherent  in  the  process.  Assumptions 
should  be  recoqnized  and  stated  with  the  deduced  sensi¬ 
tivity  figures. 

31.  What  is  meant  by  "largest  possible  sample  size”?  How  big 
is  a  large  sample  size?  As  was  mentioned  previously  1000  Primers 
MX  114  ware  fired  under  constant-current  conditions.  The  follow¬ 
ing  firing  data  were  obtained: 


Current 

Mllliamoeres 

Fires 

Observed 

Pails 

Response 

Per  Cent 

34.0 

2 

0 

100.00 

77.0 

9 

1 

90.00 

70.0 

4 

9 

30.77 

67.5 

10 

35 

22.22 

64.0 

8 

171 

4.47 

62.5 

15 

375 

3.85 

61.0 

1 

349 

0.29 

Using  the  log-logistic  distribution  function,  and  fitting  the 
data  using  the  least-sguares  method,  the  sensitivitiM  are 
estimated i 


Probability  of  Functioning 
(per  cent) 

Predicted  Level 
milliamperes 

50.0 

71.19 

5.0 

63.70 

1.0 

59.85 

0.1 

54.85 

0.01 

50.28 

0.001 

46.09 

The  9S)(  tolerance  interval  (upper  and  loiser  confidence  band) 
about  the  0.1)l>  point  is  from  SO  to  S7  mllllanqperee.  The  estimate 
of  the  0.1%  point  is  not  particularly  precise.  Had  the  sample 
else  been  in  the  order  of  100  units,  this  Interval  would  have 
been  over  three  tisMS  larger.  Thus  it  can  be  seen  that  a  sample 
of  a  few  hundred  units  really  cannot  be  expected  to  give  a 
reliable  and  precise  estimate  much  beyond  the  1%  point.  Tt 
begins  to  be  evident  that  the  definition  of  a  large  sasq^le  size 
is:  a  quantity  much  larger  than  one  can  hope  for. 

32.  The  next  three  items  listed  in  paragraph  30  are  quite  clear. 
The  necessity  for  random  selection  of  the  sample  from  the  popula¬ 
tion  is  a  basic  tenet  of  proper  experimental  and  statistical 
procedures.  Next,  since  we  must  extrapolate  on  the  basis  of 
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d«alr«d  •■tlmatloa  1«t*1  it  bast  te  discard  thaa  and  ta 

parfara  tha  analysis  an  tha  twa  aixad  raepansa  lavals.  This 
analysis  can  ba  carriad  ant  vary  siaply  ky  plattins  tba  taa 
paints  in  tba  prapar  prabability  spsca  and  running  a  straight 
lina  thraugh  tbaa. 

39.  Mara  sapbiaticatad  statistical  traatawnts.  aqparisMntal 
dssigna,  ate.  can  ba  uaad  and  in  aany  casas  will  land  ta  battar 
anawars.  Otbar  papara  axa  baing  praparad  at  tba  Naval  Ordnanea 
Labaratary  «diieb  will  daacriba  in  Micb  graatar  datail  saaa  af 
tba  axpariawntal  tadutiquas,  statistical  tbaary.  and  hi^b-spaad 
caaipwtar  pragrans  far  data  pracassing  and  far  carrying  aut 
Manta  Carla  axpariswnts. 


COMCbDSlORS 

40.  Zt  it  nat  paaaibla  ta  aatinata  praeisaly  tba  funetianinf 
prabability  lavals  af  llD'a  at  tba  axtraanaa  naadad  far  gaad 
tafaty  and  raliability  astiaatas.  Tbara  ara  practical  pracaduras 
far  radneing  aatinatian  arrarsi  Thasa  ara  prapar  sasyling. 
prapar  instrttSMntatlan,  aptiadsatian  af  data  callsstian  pracaduras. 
and  aalactian  af  prapar  statistical  taals.  Tbara  ara  cartain 
araas,  sndi  as  lat>ta>lat  and  batai-ta-bateh  variatian.  far  idiidi 
wa  cannat  at  pratant  naka  adaquata  oarractian  ta  aur  astinatas. 

Tha  gatharing  and  study  af  ralavant  data  wauld  prabbbly  ha  quita 
difficult,  yat  wauld  giva  infanutian  of  graat  valua  in  this 
typa  af  wark.  Wa  faal  that  avan  tbou^  it  is  nat  passibla  ta 
talva  all  af  tba  prablaaw  accurataly  it  is  nuch  battar  to  know 
tba  inbarant  liaitatians  and  paasibla  saureas  af  sariaus  arrar 
in  naking  tafaty  and  raliability  astinatas  than  it  is  to  go 
blithaly  along  in  blissful  ignaranea  af  Ufa  as  it  raally  is. 
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3L.  DISCUSSION 


A  questioner  desired  reference  to  published  tables  of  tolerance 
factors  if  such  tables  exist.  Mr,  Hampton  answered  that  this  depended  upon 
the  mean  and  standard  deviation.  The  same  questioner  said  that  he  appreciated 
this  but  that  the  tolerance  factor  table  takes  into  accumil  the  errors  in 
the  mean  and  standard  deviation,  and  asked  if  there  was  an  equivalent  table 
for  this  function.  Mr.  Hampton  ans^vered  no,  but  added  that  information  on 
this  will  be  published  in  the  next  Association  Journal. 

Mr.  Benedict  conanented  that  the  table  for  the  normal  distribution 
was  published  about  three  years  ago.  It  was  questioned  whether  the  other 
one  was  as  up  to  date  as  this.  He  continued  that  various  people,  notably 
Kerr  and  Davis  had  pointed  out  shortcomings  of  the  Bruceton  test.  The 
interval  for  Bruceton  testing  should  hold  a  definite  relation  to  the 
standard  deviation.  It  is  necessary  to  adjust  testing  to  meet  this  condition. 

There  is  no  law  for  this  and  he  for  one  has  adjusted  the  interval  to  give 
the  customer  the  desired  results. 

Mr.  Benedict  inquired  if  the  interval  was  controlled  before  the 
test  to  have  a  certain  relationship  to  the  standard  deviation  or  were  they 
taken  as  they  came.  Mr.  Hampton  answered  that  in  his  own  test  he  did  not, 
but  that  Hr.  Martin  in  his  test  in  England  did.  He  said  that  the  slides 
he  had  shown  indicated  columns  for  different  size  steps. 

Hr.  Hedges  of  the  Martin  Company  commented  of  his  Interest  in 
this  table  and  agreed  with  everything  that  was  said.  With  respect  to  the 
previous  speaker  he  expressed  a  desire  to  add  to  his  connento.  It  is 
beleived  that  most  of  the  criticism  of  the  Bruceton  method  is  unjustified 
to  a  large  extent.  In  reviewing  Bruceton  data  that  is  supposed  to  prove 
that  a  particular  explosive  device  meets  the  AFMTC  safety  requirement, 
he  Called  to  follow  the  computor's  method.  If  he  was  using  the  MAVORD 

report,  he  didn't  even  follow  the  right  section  of  the  curve  in  certain  i 

areas.  In  most  cases  the  log  function  is  not  used.  When  the  log  function 
is  not  used,  the  result  is  a  conservative  estimate  of  the  safety  point  and 

I 
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perhaps  not  too  conservative  estimate  of  the  all  fire  point.  To  this  end, 
Mr.  Hedges  proposed  to  the  JANAF  subcommittee  on  Explosive  Components 
that  a  Standard  be  sponsored  that  would  aesoribe  a  Bruceton  technique 
easy  to  follow,  vdth  simple  tables  that  would  make  computation  easy, 
eliminating  all  curves. 

Mr.  Hedges  continued  that  the  speaker  had  mentioned  a  true 
sigma  and  that  he  wculd  like  to  know  what  a  true  sigma  is.  He  also 
commented  on  the  testing  of  samples  at  several  year  intervals.  He  suspects 
that  these  were  actually  two  different  items  with  the  same  label.  He 
commented  further  that  the  baseball  player  example  is  poor  because  of 
different  stimulus.  He  made  his  main  point  that  he  is  not  concerned  who 
wants  tc  use  the  Bruceton  method  or  what  they  want  to  do  with  ■‘.t;  predict 
the  99.9  or  99  with  nine  9*3  behind  it.  But  he  advocates  a  standard 
Bruceton  method  in  v*ich  independent  workers  can  validly  compare  results. 

Mr.  Hampton  answered  that  with  a  random  number  approach  standard 
deviation  can  be  computed  for  the  entire  population.  By  sampling  from  this 
population  standard  deviation  of  the  sample  can  be  obtained  by  different 
methods  and  compared  with  the  true  standard  deviation.  He  commented  that 
Bruceton  data  accumulates  near  the  5C^  point  and  that  the  distribution  is 
assumed.  A  figure  included  in  the  paper  but  omitted  from  the  presentation 
shows  a  normal  distribution  and  a  logistic  distribution  together.  It 
shows  that  the  0.1  percent  point  predicted  by  a  Bruceton  is  actually  the 
3  or  A  percent  point  if  the  tixie  distribution  is  logistic. 

Mr.  Kabik  added  that  in  attempting  to  predict  extremes  that  are 
many  standard  deviations  from  the  mean,  from  data  collected  around  the  mean, 
we  are  fairly  sure  to  come  up  with  the  wrong  answer.  The  Bruceton  should 
not  be  used  in  this  case,  A  standard  for  the  Bruceton  may  still  produce 
the  wrong  answer. 

Weaknesses  in  assuming  that  items  are  "the  same"  were  pointed 
out.  They  may  be  tagged  with  the  same  label,  for  example,  MARK  UA.  But 
examining  the  facts  may  show  that  they  were  different  lots,  different 
manufacturers  or  different  batches.  It  woo  pointed  out  that  from  a  limited 
sample  on  one  batch  or  one  lot  it  cannot  forever  be  said  that  these  are 
the  responses  of  the  device. 

Mr.  Hampton  commented  that  at  least  all  of  these  go  by  the  same 

name. 
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Mr.  Amicone  of  The  Franklin  Institute  comnented  that  he  had 
reviewed  f-Jartin's  work  and  tnat  we  owe  it  to  him  to  mention  the  small  sample 
sizes  that  were  used.  Mr.  Hampton  said  that  the  slides  showed,  he  beleived, 
samples  of  25.  Mr.  Amicone  replied  that  most  of  the  people  present  know  that 
this  sample  size  is  entirely  too  small  to  make  any  kind  of  estimate. 

Mr.  Kabik  added  that  Martin  used  sample  sizes  as  high  as  100 
with  a  resultant  imp  -ovement  in  the  estimate.  'Ihe  results  still  did  not 
fit  the  normal  distribution.  Further  even  with  batches  of  25,  50  and  100 
good  estimates  are  not  made. 

Mr.  Hedges  commented  that  his  standard  showed  what  would  happen 
with  sample  sizes  of  20  to  500.  The  sample  size  can  be  given  a  degree  of 
calculated  accuracy.  The  point  of  best  ret  •urn,  which  appears  to  be  at  a 
slope  of  U5  degrees^  occurs  at  just  slightly  over  100  samples.  The  proposed 
method  involves  120  samples  of  which  20  will  be  used  to  obtain  an  estimate 
of  the  mean  and  standard  deviation. 

The  discussion  was  suspended  by  the  chairmen  in  order  not  to 
fall  too  far  behind  schedule. 
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35.  A  Survqr  of  l-Amp,  1-Watt  EED's 

by  Gunther  Cohn 
The  Franklin  Institute 

Background 

Over  the  'eers,  a  nmnber  of  methods  have  been  proposed  to  cope 
with  the  hazards  of  radio  frequency  electromagnetic  radiation  to  ordnance. 
Certainly,  this  hazard  is  of  serious  concern  to  the  agencies  of  the 
Department  of  Defense  ar.d  its  Contractors.  Even  a  sketchy  description  of 
the  various  approaches  used  to  wrestle  with  the  RF  problem  would  be  of 
such  length  as  to  warrant  a  separate  paper.  Suffice  it  to  say  that  the 
approach  has  been  one  of  long  range  planning  through  design  changes  to 
fixes  for  specific  applications. 

We  are  concerned  today  with  one  of  the  proposed  design  changes, 
known  as  the  1-Amp,  l-iiTatt  solution.  It  is  defined  in  the  ''Interim  Standards 
to  Minimize  the  Hazards  of  Electromagnetic  Radiation  to  Electroexplosive 
Devices"  which  were  issued  1  October  1962  by  the  Safety  Division,  Office 
of  Inspector  General,  Headquarters,  Air  Force  Systems  Command,  Andrews  Air 
Force  Base,  Washington,  D.C.  The  interim  standards  state  in  part  that: 

"EED's  are  required  to  meet  one  of  the  following  standards: 

"(l)  EED's  will  not  fire  as  a  result  of  the  application 
of  one  watt  of  direct  current  power  for  five  minutes  and  as 
a  result  of  the  application  of  one  ampere  of  direct  current 
for  five  minutes.  This  requirement  must  be  met  without  the 
use  of  external  shunts.  Suitable  testing,  such  as  the 
Bruceton  type  statistical  test,  will  be  performed  to 
validate  a  no-fire  reliability  of  0.999  vdth  a  95  per  c«it 
confidence  level, 

"(2)  EED's  with  electrooxplosive  elements  t^at  do  not 
meet  the  above  one  watt /one  ampore/five  minute  standard  will 
be  designed  so  that  the  integral  unit  will  survive  in  an 
electromagnetic  field  intensity  of  100  watts  per  square  meter. 
Approved  testing  v/ill  bo  performed..,." 
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Before  proceeding,  let  us  set  the  boundary  conditions  of  this 
paper.  I  should  make  clear  that  I  do  not  intend  to  discuss  the  merits  of 
the  1-Amp,  ]-Watt  specification.  Whatever  you  may  think  of  the  1-Amp, 

1-Watt  approach  as  a  solution  to  the  HERO  problem,  the  fact  is  that  such 
EED's  are  now  being  specified,  manufactured,  and  tested.  This  paper  is 
being  pre:  ented  as  a  part  of  our  technical  documentation  work  which  is 
designed  to  record  and  disseminate  iiiformation  on  current  ordnance  topics. 
Hence,  it  is  the  purpusc  of  this  paper  to  disci.ss  the  various  EED's  now 
available  which  can  withstand  inputs  of  at  least  one  ampere  and  one  watt 
of  direct  current  for  five  minutes  or  longer  without  initiation  or 
degraaation. 

I  might  comment  on  these  two  requirements.  Failure  to  initiate 
or  fire  pertains  to  safety  and  is  spelled  out  in  the  specification. 

Failure  to  degrade  pertains  to  reliability  and  as  such  is  implied  in  the 
specification.  Both  attributes  are  important.  The  conventional  hot  wire 
bridge  electric  initiator  is  too  sensitive  to  meet  these  requirements. 

Survey 

In  March  1963,  we  wrote  to  two  Government  agencies  and  32  manu- 
factui’ers  asking  them  for  information  about  their  1-Amp,  1-Watt  EED's. 

We  received  6  replies  stating  that  such  devices  were  not  yet  in  their  line 
and  heard  nothing  from  11  others.  Fleming  Industries  indicated  that  they 
had  an  RF-insensitive  EED  but  no  1-Arap,  1-Watt,  Positive  replies  came  from 
14  manufacturers.  V/e  must  admit  that  the  time  for  reply  was  short  so  that 
it  is  entirely  possible  that  some  companies  did  not  have  a  chance  to  write, 

A  summary  of  the  1-Amp,  1-Watt  EED's  now  available  is  shown  in 
the  accompanying  table.  The  1-Amp,  1-Watt  devices  now  appear  in  catalogs 
as  regular  shelf  items.  They  come  in  a  variety  of  sizes,  types  and 
functioning  characteristics  and  most  manufacturers  indicate  that  their  lines 
are  to  be  extended.  We  did  not  attempt  to  list  every  available  initiator 
but  merely  gave  the  ranges  covered.  Little  would  be  gained  by  attempting 
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to  achieve  completeness  of  listings  because  most  companies  indicate  their 
ability  to  make  changes  to  suit  a  customer's  specific  needs.  In  addition 
to  the  summary  table  we  also  attach  a  list  of  manufacturers  with  contact 
names  and  phone  numbers. 

Methods  of  achieving  the  1-Amp,  1-Watt  insensitivity  differ. 

There  seems  to  be  no  best  solution.  Dual  bridges,  insensitive  mixes, 
internal  shunts,  and  heat  siriks,  all  are  being  used,  often  in  combination. 
The  use  of  an  insensitive  mix  appears  to  be  convaiient  to  solve  retrofit 
problenis . 

This  summary  then  is  meant  to  help  designers  and  users  of  EED's 
get  started  in  their  search  for  1-Amp,  1-Watt  devices.  We  would  be  amiss 
if  we  did  not  include  in  this  presentation  a  serious  note  of  warning: 

1-Amp,  1-Watt  devices  are  brand  new,  they  have  not  been  tested  extensively, 
they  do  not  have  history  of  use  behind  them.  We  know  from  past  experience 
that  it  is  dangerous  to  assume  that  a  change  in  the  primary  operation  of  an 
EED,  however  small,  can  be  ignored.  There  is  as  much  reason  to  assume  that 
there  is  a  tremendous  change  in  performance  as  there  is  that  the  change  is 
insignificant. 

Probably  the  most  efficient  sensitivity  testing  procedure  is  the 
so-called  Bruceton  test.  Its  validity  is  based  on  the  assimptions  that 

(1)  the  response  is  normally  distributed  (Gaussian)  with 
respect  to  the  stimulus. 

(2)  no  duds  (manufacturing  freaks)  are  in  the  lot. 

The  validity  of  the  Bruceton  test  for  the  conventional  sensitive  hot-w.lre 
initiator  has  been  demonstrated  by  tests  of  entire  lots  according  to  the 
Bartlett  plan.  We  therefore  test  with  the  Bruceton  method  near  the  y)% 
point  and  infer  what  happens  at  the  extremes.  Let  us  suppose  now  that  it 
might  turn  out  that  the  'hanges  introduced  to  make  ],-Amp,  1-Watt  devices 
are  such  that  the  assumption  of  normalcy  no  longer  holds.  For  example. 
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say  that  the  bridge  wire  burns  out  at  a  certain  high  current  so  that  the 
curve  is  discontinuous.  Such  a  condition  would  not  only  invalidate  the 
Brucetcn  test,  it  may  well  result  in  consistent  performance  failures  at  so 
called  all-fire  currents. 


Non-conventional  designs  may  also  exhibit  different  failure 
mechanisms  -vdiich  sho!i!.d  be  taken  into  consideration.  For  example,  a 
multi-bridge  initiation  may  become  more  sensitive  if  une  or  more  bridge 
filaments  are  broken.  This  condition  poses  the  question,  does  the  item  have 
fail-safe  characteristics  from  a  safety  standpoint?  Further,  storage  stability, 
compatibility  of  mixes,  new  construction  materials,  and  degradation  due  to 
prepulses  should  all  be  considered. 

Both  designers  and  users  then  have  no  choice  but  to  insist  on 
ccmplete  test  results  for  the  contemplated  item.  Many  of  the  manufacturers 
furnish  test  data  results.  This  is  gcod.  We  can  then  examine  the  data  to 
make  certain  that  it  characterizes  the  item  fully.  We  can  conclude  that  one 
should  shop  fo’'  1-Amp,  1-Watt  devices  the  same  way  as  we  used  to  shop  for 
EFD's  some  years  ago  before  they  became  standardized. 


Summary  of  EED’s 


Manufact. 

Item 

Funct. 

Achieves 

lA/lW  bv  Status 

Nav.  Ord. 

Ignition  Element 

.5D  X  .65L 

2  Amp 

Heat  Sink  Design 

Plant 

EX  5  MOD  0 

10  ms 

proof 

Atlas 

Blasting  Caps 

1-7/16  X  2L 

6  Amp 

Heat  dissip.  Product 

Nos.  6,  8,  9 

Min.  Switches 

2  tc  8  poles 

OM  Switches 

4  to  12  poles 

Piston  Activator 

3/8  square 

1^  to  5^4 

J  sq  X  to  3.7L 
.5  X  1.6  X  1.6 
.38D  X  2. 81 

6  Amp 

resistor 

ti  f? 

??  n 

t?  t? 

Bellows 

9/16D  X  1-3/41 

6  Amp 

t?  t? 
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Summary  of  EED's  (Cont.) 


Achieves 


Manufact. 

Item 

Size 

FUtlct. 

lA/lW 

Status 

Conax 

Primers 

.19  to  ,29D 

3-5  Amp 

Insensitive 

Product. 

CC  61,  62,  63 

.46  to  .641 

3.5  ms 

mix 

tf 

Primer 

Primer  Cartridge 

.285D  X  .751 

4-5  Amp 
3.8  Amp 
3.5  Amp 
6  mo 

2  Bridges 
Resistors 

2  Bridges 
Heat  Sink 

ff 

Proposed 

Flare 

Phenolic  plug  squibs 
F-N  126,  127 

.27D  X  .41 

5  Amp 

1  ms 

Insens,  mix 

Product. 

Detonator,  G.T.M.S. 
F-N  1017,  1042 

5/8  nex  x  .341 

5  Amp 

1  -is 

fj 

Devel. 

Gould 

Igniter,  G156227- 
D7P-02B-1NF 

3/4  hex  X  .61 

4-5  Amp 
3-10  ms 

Z  Bridges 

Pilot 

lot 

Hercules 

Delay  Squibs 

3/4  hex 

2  to  3.41 

4.5  Amp 
to  5.6 
sec. 

Various 

m^hods 

Product. 

Squibs 

.28  to  .3D 
.42  to  1.41 

4.5  Amp 
4 

11 

ii 

Primers 

.29D 

.52  to  .631 

4.5  Asq) 

3.5  ms 

Tl 

If 

Bellows 

.33D  X  21 

5  Amp 
2.2  ms 

U 

If 

Hi-Shear 

Squibs,  PC  Series 

9/16  to  1-1/8  hex 
1  to  1.51 

4-5  Amp 
3  ms 

Insensitive 

mix 

Product. 

Detonators,  PD 

5/8  hex  X  1.1251 

n 

H 

M 

Holex 

Pressure  Cartr. 
Series  3000,  3100 

3/4  to  1  hex 

1  to  Ul 

4.5  Amp 
9ms 

Heat  sink 

2  Bridges 

Product. 

Ignition  Cartr. 
Series  3200,  33OO 

3/4  hex  X  H 

4.5  Amp 
9  ms 

Heat  sink 

2  Bridges 

II 

Lj’jrasc, 

Propellant  Inits. 
RI-75,  RI-76 

5/8  hex  X  1.061 

4  Amp 

Insensitive 

mix 

Pilot 

lot 

McC. 

Squibs 

5/8  hex 

2  to  5A 

2  Bridges 

Pilot 

Selph 

M-88,  M-102 

.84  to  .961 

4  ms 

Insens. 

mix 

lot 

Pressure  Cartr. 

M-103,  M-104 

5/8  hex  X  .861 

2-3  Amp 

2  Bridges 
Insens.  Mix 

II 

Olin 

oquib 

Flame  Model 

9/16  hex  X  .61 

5  Amp 

20  ms 

Pilot 

lot 

Spec. 

Devices 

Cartridges 

5/8  hex  X  11 

5  Amp 

8  ms 

Heat  sink 

Product. 

Uridyanm. 

Detonator 

UMD  1025 

.3D  X  11 

4.5  Amp 
8  ms 

Heat  sink 

Test 
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Commander 

'J.S.  IJaval  Ordnance  Plant 
Macon,  Georgia 

Mr.  J.L.  Pertsch,  Code  FD2'70, 
Bevel.  Engr.  i)iv. 

723-6700  ext  418 

Aerojet  General  Corp. 

Solid  Rocket  Plant 
Sacramento,  California 

Mr.  Herbert  Askwith 
YU  5-5111 

Atlas  Chemical  Industries,  Inc. 
Aerospace  Components  Div. 

P.O.  Box  271 
Tamaqua,  Pa. 

Mr.  R.  McGirr,  Superv. 

Des.  &  Bevel.  Group 
Mantzville  4 

Conax  Corporation 
Explosive  Products  Bivision 
2300  Walden  Avenue 
Buffalo  25,  N.Y. 

Mr.  Ted  Pierson,  Engr. 

MT  4-4500 

Flare  Bivision 

Atlaritic  Research  Corporation 
19701  W.  Goodvale  Rd. 

Saugus,  California 

Mr.  P.M.  Kirkegaard, 

Res.  Engr. 

STate  8-7260 

Gould  Laboratories 
North  Belsea  Drive 
Pitman,  New  Jersey 

Mr.  W.F.  Gould,  Vice  Pres. 
LUther  9-5753 

Hercules  Powder  Co. 

Port  Swen,  N.Y. 

Mr.  V/.R.  Thomas 
FEderal  8-2144 


Hi-Shear  Corporation 
2600  West  247th  Street 
Torrance,  California 

iir.  Monte  W.  Korb,  Mgr. 
Ordnance 
SPruce  5-3181 

Holex,  Inc. 

2751  3an  Juan  Ed. 

Hollister,  California 

Mr.  S.A.  Moses,  Dir. 

Res.  &  Engr. 

MErcury  7-5306 

Librascope  Division 
General  Precision,  Inc. 

Information  Systems  Group 

Mr.  D.F.  Finochio,  Jr. 

Proposal  Mgr.,  Old.  Systems 
REgent  6-9290 

McCormick-Selph  Assoc. 

Hollister  Airport 
Hollister,  California 

Mr,  William  Frey,  Mgr., 
Applicat.  Engr. 

MEcury  7-3731 


Organics  Biv. ,  Defense  Products 
East  Alton,  Ill, 

Mr.  J.L.  Caspar! 

CLinton  4-7311 

Special  Devices,  Inc. 

16830  W.  Placerita  Canyon  Rd. 

Newhall,  California 

Mr.  E.M.  Shurtleff,  Dir.  R&D 
EMpire  5-3171 

Unidynamics 

Division  of  Universal  Match  Corp, 

Crab  Orchard  Operations 
r.C.  Box  231 
Marion,  Ill. 

Mr.  Robert  D.  Smith,  Staff  Engr, 
WYandotte  2-2941  ext  281 
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EJTERi:-!  STANDARDS  TO  iGMIMIZE  THE  HAZARDS  OF  ELECTROMAGNETIC 
RADIATION  TO  ELECTROEXPLOSIVE  DEVICES  (l  October  1962) 

SAFETY  DKISION  ~  OFFICE  OF  THE  INSPECTOR  GENERAL 
HEADQUARTERS,  AIR  FORCE  SYSTEMS  COMMAND 

1.  PURPOSE.  To  raininize  the  hazards  of  electromagnetic  radiation  to 
electroexplosive  devices  and  to  minimize  the  requirements  for  radio  fre¬ 
quency  silence  at  the  National  Ranges,  the  following  standards  will  be 
used.  The  standards  iri.ll  apply  to  the  design,  selection,  and  applica¬ 
tion  of  electroexplosive  devices  for  future  development  programs,  and 
will  be  incorporated  in  current  development  programs  in  an  orderly  but 
expedient  manner.  These  standards  are  applicable  to  all  ele.ments  of 
the  Air  Force  Systems  Command  engaged  in  the  design  and  development  of 
systems  that  use  electroexplosive  devices. 

2.  REQUIREIENTS .  Systraus  using  electroexplosive  devices  (EED)  will  be 
designed  to  preclude  spurious  functioning  of  any  system  EED  or  degrada¬ 
tion  of  any  EED  with  respect  to  reliability  or  performance  characteris¬ 
tics  by  environmental  electromagnetic  radiation.  Established  techniques 
for  reducing  the  susceptibility  of  electroexplosive  devices  to  electro¬ 
magnetic  radiation  are  to  reduce  the  sensitivity  of  the  electroexplosive 
element  to  RF  energy  and  to  deny  access  of  RF  energy  to  the  EED. 

3.  STANDARDS .  Guidance  for  the  design  or  selection  of  electroexplosive 
devices  will  include,  but  not  be  limited  to  the  follov.-ing: 

a.  EED's  will  not  be  used  when  the  system  requirement  can  be  met 
by  other  reasonable  .means. 

b.  Sensitivity  of  electroexplosive  devices  will  be  the  minimum  com¬ 
patible  with  design  requirements  and  li.mitations  such  as  space,  weight, 
power,  reliability,  and  performance  characteristics. 

c.  EED's  are  required  to  meet  one  of  the  following  standards: 

(1)  EED's  will  not  fire  as  a  result  of  the  application  of  one 
watt  of  direct  current  power  for  five  minutes  and  as  a  result  of  the 
application  of  one  ampere  of  direct  current  for  five  .minutes.  This 
requirement  must  be  met  without  the  use  of  extei-nal  shunts.  Suitable 
testing,  such  as  the  Bruceton  type  statistical  test,  will  be  performed 
to  validate  a  no-fire  reliability  of  0.999  with  a  95  percent  confidence 
level. 
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(2)  EED'svnthel  ectroexplDsive  elements  that  do  not  meet  the 
above  one  watt/one  ampere/five  irinnte  standard  will  be  designed  so  that 
the  integral  unit  will  sur/ive  in  an  electromagnetic  field  intensity  of 
100  watts  per  square  neter.  Approved  testing  will  be  performed  to 
establish  a  no-fire  reliability  of  0.999  with  a  confidence  level  at  95 
percent.  Tests  will  include  exposure  to  electromagnetic  fields,  pulsed 
and  continuous  w--;e,  with  frequencies  ranging  from  100  kilocycles  to  40 
gigacycles.  Tes: '.r.g  will  include:  Evaluation  of  the  nr  sensitivity  of 
the  basic  elect’^oexplosive  element;  evaluation  of  the  uninstalled  EED 
in  all  normal  .modes  of  storage,  transporting,  handlir.g,  and  installing: 
and  evaluation  of  the  complete  EEB  syste.m  in  the  installed  configuration. 

d.  For  the  purposes  of  this  standard,  the  firing  circuit  of  sn 
installed  EED  will  include  all  electrical  circuits  and  components  between 
the  initiation  power  source  and  t.he  electroexplosive  element  of  the  EED. 
Prior  to  installation,  an  EED  includes  all  leads  and  connectors  elec¬ 
trically  connected  to  the  electroexplosive  element.  To  deny  access  of 
RF  energy  to  electroexplosive  devices,  the  following  specifications  are 
applicable: 

(1)  EED  firing  circuits  will  be  isolated  from  other  circuits: 
and  each  other  by  means  of  individual  shields.  Shielded  EED  circuits  may 
be  routed  together  ir.  a  common  secondary  shield. 

(2)  Circuits  to  EED's  will  be  balanced  to  and  isolated  from  the 
EED  case  and  other  conducting  parts  of  the  weapon.  If  a  circuit  must  be 
grounded,  there  will  be  only  one  interconnection  with  other  circuits. 
Static  discharge  resistors  of  100,000  ohms  or  more  may  be  connected  to 
firing  circuits. 

(3)  Firing  circuit  conductors  will  be  twisted  to  maintain  elec¬ 
trical  balance  and  reduce  induction. 

(4)  Firing  circuit  wiring  will  be  kept  to  a  minimum. 

(5)  All  conductors  that  connect  the  EED  with  other  weapon  com¬ 
ponents  will  be  provided  with  metallic  shields  to  provide  an  Integral 
shield  without  electrical  discontinuities  or  gaps. 
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(6)  Connectors  vri.ll  be  ker.t  to  a  minimia/n.  Connector  construc¬ 
tion  will  be  such  that,  when  being  mated,  the  shield  contacting  surfaces 
will  mate  before  any  of  the  inner  conductors  and  will  not  break  contact 
until  after  all  inner  conductors  have  broken  contact.  Also,  the  inner 
conductors  of  the  connector  on  the  EED  side  will  be  rece.esed  in  the  shield 
opening . 

(7)  Wiring  within  an  EED  will  be  isolated  from  any  metallic  case 
or  enclosure.  The  impedance  to  case  from  each  conductor  will  be  equal 
and  high  as  practicaole. 

(8)  Carefully  designed  and  tested  RE  attenuating  filter  elements 
can  be  effective  in  suppressing  RF  cui- rents.  These  may  be  used  to  protect 
against  nearby  sources  of  RF  enorgj',  such  as  missile  borne  radar  beacons, 
telemetry  transmitters,  or  very  high  power  grou.nd  transmitters. 

e.  EED' 5  that  use  devices  other  than  conventional  bridgevdre  initiators 
must  also  demonstrate  survivability  in  electromagnetic  field  intensities 
at  100  watts  per  square  meter  vd.th  »  no-iire  reliability  of  0.999,  95  perte.it 
confidence  Isvel. 

4,  RESPONSIBILITIES . 

a.  The  agency  responsible  for  the  management  of  a  system  program  will: 

(1)  Assure  that  electroexplosive  devices  used  in  the  system 
conform  to  the  specifications  of  this  standard, 

(2)  Monit  or  validation  testing  procedures  to  assure  proper  scope 
a.nd  qua.Uty, 

(3)  Provide  docu.mented  certification  of  EED's  selected  for  use 
in  the  system. 

(4)  Assure  that  adequate  quality  control  techniques  are  adopted 
to  provide  continued  qualification  of  production  items. 

b.  The  Commander,  AFMTC  will  be  responsible  for: 

(1)  Identifying  areas  within  the  range  boundaries  where  the  elec¬ 
tromagnetic  radiation  intensity  exceeds  100  watts  per  square  mater. 

(r)  Granting  waivers  to  the  requirements  of  this  standard  when 
adequate  Justification  is  presented,  and  assuring  adequate  protection  for 
EED  systems  that  are  grarded  waivers. 
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c.  Headquarters  AFSC  (SCIZM)  will  monitor  this  interim  standard  until 
a  more  comprehensive  and  complete  exhibit  or  military  specification  is 
developed.  Remarks  and  recommendations  pertaining  to  this  inteidm  stand¬ 
ard  will  be  forwarded  to  this  Headquarters. 

NOTE:  A  formal  presentation  by  a  representative  of  the  AFMTC, 

Patrick  AFB,  Florida,  describing  the  latest  Standard  is  planned  for  the 
Fourth  Electric  Initiator  Syiqposium  to  be  held  October  1  and  2,  1963  at 
The  Franklin  Institute,  Philadelphia,  Pennsylvania. 
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35.  DISCUSSION 


Mr.  Guinn  said  that  the  most  of  the  fixes  discussed  are  rated 
at  10  or  ?.0  watts.  Other  people  have  mentioned  14  amperes  being  induced. 
This  represents  a  power  of  196  watts  into  a  1-ohm  load.  If  there  is 
the  possibility  of  this  much  power,  he  asked  why  we  are  considering  10 
to  20  watt  fixes  and  1  amp-1  watt  no  fire  devices.  Mr.  Cohn  referred 
this  question  to  Cmdr.  Cray  vdio  replied  that  he  could  make  any  size 
dissipater  desired.  He  asked  how  tig  the  questioner  wanted  it. 

Mr.  Adelman  of  Picatinny  Arsenal  pointed  out  that  most  of  the  devices 
that  provide  insertion  loss  are  quite  large.  Most  of  them  are  from  3  to 
4  inches.  Most  applications  allow  for  a  half  an  inch  or  bo  fer  the  entire 
initiator  and  fix. 

Mr.  Benedict  of  .JPL  said  that  in  the  room  there  are  people  on 
both  sides  of  a  very  hot  political  argument.  He  commented  that  people 
came  to  the  Congress  in  order  to  leave  the  meeting  ^dth  a  better  under¬ 
standing  of  the  one-amp,  one-watt  requirement.  He  asked  if  this  could  be 
started. 

Mr.  Rawls  of  the  RCA  Service  Company  was  asked  to  comment  on 
the  speakers  reference  to  the  Atlantic  Missile  Range  (AMR)  policy  requiring 
one-amp,  one-watt  initiators,  Mr,  Rawls  stated  that  there  is  no  one-amp, 
one-watt  policy  as  such,  but  only  in  conjunction  with  many  other  provisions 
including  shielding.  He  added  that  the  current  policy  requires  validation 
of  the  capability  of  aurvival  in  a  field  of  100  watts/square  mf  '-r  from 
50  Me  up  and  2  watts/square  meter  (28  volts  per  meter)  below  50  Mo  or 
compliance  with  proper  shielding  and  other  circuit  design  features  ,  Tus 
one  amp,  one  watt  3,nltiators.  The  user  should  bring  his  procedures  * 

AMR,  Safety  Division  and  they  will  check  it  and  offer  an  opinio-..  Th-- 
one-amp  one-watt  i-equirement  is  not  claimed  to  be  a  cure-all  but  ii. 
conjunction  with  proper  shielding  and  good  circuit  design  should  improve 
safety  with  reference  to  the  100  watt  per  square  meter  maximum  T  field 
intensity. 

In  a  meeting  at  Bedford,  Massachusetts  last  year  a  Navy 
representative  stated  that  they  were  consi  dering  a  one-amp,  one-wa' ' 
no-fire  requirement  and  also  specifying  that  the  bridgewire  circuit  r.ould 
open  after  firing.  This  becomes  a  matter  for  the  ordnance  manufactur  -s 
to  adjust  properly. 
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Mr.  V/arner  of  Douglas  Aircraft  asked  if  anyone  had  looked  into 
the  possibility  of  having  a  highly  sensitive  condition  from  pin-to-case 
in  the  one-amp,  one-watt  devices.  Mr.  McAdams  of  Bedstone  Arsenal 
commented  that  this  was  similar  to  problems  encountered  in  encased  relays. 
Mr.  Adelman  of  Pioatinry  Arsenal  commented  that  at  least  one  initiator 
or  possibly  two  were  more  sensitive  in  the  pin-to-case  mode  of  excitation 
than  pin-tc-pin. 

A  person  from  Douglas  Aircraft  found  that  many  manufacturers 
are  applying  the  "no  fire"  current  to  all  of  the  items  they  produce. 
Although  this  may  assure  that  the  device  wi.ll  not  fire  under  these 
conditions,  there  is  a  reluctance  on  the  part  of  ordnance  people  to  accept 
devices  that  have  been  pulsed  in  this  fashion.  He  asked  for  comments 
on  this  practice. 

Mr.  Rosenthal  of  STL  commented  that  he  believed  the  100^ 
prepulsing  to  be  a  stupid  practice.  In  some  devices  sensitivity  vdll 
increase;  in  others  it  will  decrease.  The  result  is  that  predictions  of 
firing  levels  are  difficult  to  make.  He  expressed  his  belief  that  a 
sampling  technique  should  be  used  and  destructive  testing  performed  includ¬ 
ing  sequential  environmental  tests.  A  Bruoeton  may  also  be  used  as  a 
quality  control  test  to  compare  later  production  with  design  development 
lots. 

Hr.  KcGirr  of  Atlas  Chemical  industries  commented  that  his  firm 
tests  all  items  that  are  skipped.  The  method  has  teen  approved  only  as  a 
result  of  statistical  test  on  the  procedure,  however;  Mr.  Kelly  of  The 
Franklin  Institute  commented  that  in  discussing  pin-to-case  and  pin-to-pin 
modes  of  initiation  we  should  be  aware  of  the  possibility  that  the  pin- 
to-case  mode  is  voltage  phenomena  and  that  the  pin-to-pin  mode  is  a  power 
or  energy  phenomena. 

Hr.  Sheng  of  Aerospace  commented  that  he  has  seen  a  growing 
tendency  by  missile  manufacturers  to  accept  a  one-amp,  one-watt  criterion 
without  concern  for  what  they  arc  really  buying.  We  should  keep  in  mind 
that  we  are  seeking  RF  protection  and  accept  no  substitute, 

Mr.  McC-irr  asked  that  if  a  device  fires  at  A  amperes  DC  does  this 
not  guarantee  that  it  would  be  more  RF  resistant  than  a  correspondingly 
more  DC  sensitive  device.  There  was  not  a  direct  answer  to  this  question. 
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Someone  suggested  that  the  system  needs  a  more  general  approach. 

The  pin-to-pin  mode  represents  a  low  impedance  and  is  subject  to  inductive 
coupling.  In  the  pin-tc-case  mode  the  device  has  a  high  impedance  and  is 
more  subject  to  coupling  of  a  capactive  nature. 

The  inductive  coupling  is  hard  to  control,  but  may  best  be 
defeated  by  twisting  the  leads.  Capacitive  coupling  can  best  be  defeated 
by  shielding,  hi  ictric  heating  of  the  explosive  around  the  bridgewire 
presents  a  problem  that  needs  further  examination. 

A  person  from  the  Air  Force  Special  Weapons  Center  commented 
that  RF- proof  is  just  a  term.  VJe  can  never  make  a  device  completely  RF 
proof, only  HF  resistant.  Ke  commented  further  that  there  is  no  arbitrary 
environment  that  can  be  stated  as  safe.  Enough  energy  can  be  found  to  do 
the  job  of  inadvertent  firing  somewhere.  The  problem  will  be  in  estahlishing 
acceptable  energies  for  a  given  job  and  sufficiently  insensitive  EED's  to 
withstand  the  environment.  These  ai-e  the  reasons  that  AFSVFC  has  been 
against  specification  of  ary  general  level,  one-amp  or  one-thousand  asips. 

Our  feeling  is  that  the  environment  should  be  included. 

A  person  from  AVCO  expressed  his  thinking  that  it  is  not  hazardous 
to  test  an  initiator  before  it  is  used.  If  one-amp,  one-watt  is  chosen, 
it  had  better  pass  that  specification.  Another  person  voiced  his  agree¬ 
ment  with  the  speaker  except  for  the  atatemcnt  that  capacitive  coupling 
can  be  corrected  by  shielding.  This  may  not  be  true  with  "worse-case  loads" 
that  occur  in  servicing  with  shields  removed. 

Mr.  Rosenthal  of  3TI,  cnce  mere  objected  to  lOOj!  exposure  of 
device  to  one-amp,  saying  that  testing  is  C.K.  for  receiving  tubes  or 
tuning  forks  but  explosive  devices  degrade.  Mr.  Katz  suggested  that  a 
middle  path  could  be  taker,  by  subjecting  a  sample  to  the  one-amp,  5-minute 
test  and  then,  the  remaining  items  for  only  a  quarter  second;  this  is  a 
comprcmlst.  The  effects  cf  the  one-ampere  exposure  could  also  be  examined 
by  a  Eruceten  technique. 

Someone  remarked  that  he  failed  to  see  the  problem  as  long  as  the 
unit  is  designed  to  carry  the  heat  away.  He  remarked  further  that  the 
device  his  company  manufactured  does  not  degrade  under  the  one-aiapere  tests 
in  the  slightest  degree.  This  was  proved  by  repeated  Bruceton  tests. 
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Mr.  Kelly  added  that  The  Franklin  Institute  and  NOL  White  Oak, 
are  both  attempting  zo  develop  a  nonrdestructive  test  for  individual 
EEC's  that  vdll  predist  the  firing  sensitivity  of  individual  devices. 

The  input  energy  or  power  req.dred  for  this  measurement  is  no  higher  than 
that  needed  to  measure  bridge  resistance, 

Mr.  Kelly  continued  that  tests  are  necessary  to  determine  if  the 
non-destructive  test  was  truly  so.  Measures  of  the  mean  fire  ssnsitivity 
and  standard  deviation  before  and  after  exposure  prove  that  these  was  no 
effect  vAiatsoever  in  his  experience. 

Mr.  Goldie  of  The  Franklin  Institute  warned  that  these  tests 
cannot  be  applied  across  the  board  to  EEC's.  The  test  will  tell  whether 
a  particular  type  of  device  is  sensitive  to  prspulsing  or  not|  present 
status  of  the  investigation  does  not  permit  a  general  statement  covering 
all  explosive  dsvlcas. 

A  person  from  Couglas  Aircraft  ccmmented  that  previous  statements 
have  been  in  regard  to  Initiators  having  lead  azids  and  lead  styphnats  and 
similar  primary  explosives.  He  claimed  that  thsss  materials  are  obsolete 
as  primary  charges  now  that  the  one-ampers,  one-watt  rsquiremsnt  is  with 
us.  He  also  claimed  that  manufacturers  have  scraped  all  past  knowledge 
and  ars  starting  ovsr  again.  Hs  asked  if  anyone  is  attempting  to  measure 
the  dielectric  properties  of  ths  one-as^,  one-watt  explosive  material  or 
of  those  used  in  EEW  initiators. 

Mr.  Rosenthal  of  STL  mentioned  a  case  in  which  ths  same  item 
was  purchased  by  two  installations;  one  required  prepulsing,  the  other 
did  not.  These  wete  both  tested  for  KF  sensitivity  and  the  results  were 
very  different.  These  are  Indications  of  What  prepulsing  can  do.  He 
conanented  further  that  his  remarks  were  dlrectsd  against  ths  S^sinuts 
part  of  ths  test. 

Mr.  Roberts  of  Ordnance  Associates  suggested  that  Brucston 
tests  be  run  to  determins  if  ths  stlaulue  does  degrade  the  unit  in 
question. 

Mr.  Benedict  of  JPL  expressed  a  desire  to  describe  political 
aspects  of  the  one-amp,  one-watt.  He  said  that  two  or  three  ysara  ago 
aomeone  cams  up  with  a  political  solution  to  ths  HERO  problem  by  saying 
leth  make  initiators  one-watt,  one-amp  and  all  our  probls&s  will  be  solved. 
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Numbers  of  people  grasped  this  like  drowning  men  after  the  proverbial  straw. 
This  concept  was  politically  Inspired  and  not  technically  sound.  It  did  bring 
some  stability  into  the  industry  for  a  while  until  technical  repercussions 
came  heme. 

Several  alternatives  have  been  proposed  and  hinted  at  here  this 
morning.  One  alternative  is  going  to  a  particular  vehicle  by  calculation 
and  bench  testing,  evaluating  the  environmental  effect  and  squib  sensitivity. 
Another  is  that  every  weapon  type  should  be  tested  at  every  use  site.  One 
more  is  that  every  component  and  assembly  should  be  engineered  from  the  RF 
standpoint.  The  one-ampere,  one-watt  requirement,  much  like  the  building 
code  to  the  construction  trade,  has  done  good  in  reducing  the  careless  use 
of  unduly  sensitive  Initiators. 

There  are  various  possibilities  with  which  we  are  now  faced.  We 
can  use  one-amp,  one-watt  across  the  board.  This  will  not  afford  protection 
in  every  case  and  will  cause  the  use  of  excess  firing  energy  in  some 
Instances.  The  analysis  advocates  want  to  detemine  theoretically  whether 
or  not  a  device  will  fire  but  the  coamentor*s  personal  belief  Is  that  this 
is  impossible. 

Elaborate  testing  is  not  feasible  for  missile  and  space  programs 
that  number  only  a  few  flights  each  as  opposed  to  some  weapons  that  may  be 
built  by  the  thousiunds.  He  stated  that  he  had  asked  one  of  the  earlier 
speakers  for  an  estimate  of  the  time  required  to  check  one  weapon  at  one 
Installation.  The  estimate  was  100  weapon  hours,  500  engineer  hours  and 
1000  technician  hours.  The  tost  equipment  cost  was  not  discussed.  Good 
engineering  entails  establishment  of  the  integrity  of  the  design  and  the 
professional  compeuance  of  every  man  working  on  a  particular  scheme. 

The  conmenter  said  that  none  of  these  things  alone  is  a  cure- 
all.  He  warned  against  completely  abandoning  of  the  one-amp,  one-watt 
criteria.  In  addition,  he  stated  that  he  did  not  want  to  be  driven  Into 
tests  nor  did  he  believe  that  engineering  analysis  is  the  beginning  and  end 
of  all  RF  programs. 

Mr.  fheng  of  Aeros;>ace  stated  that  the  person  ^o  is  buying  one- 
amp,  one-watt  is  missing  something.  NOE  has  shown  coincidence  of  DC  and  RF 
power  up  to  5  Me,  Extension  of  the  work  to  lOKMC  might  show  that  one-amp, 
one-watt  does  offer  RF  protection,  'Jhtll  this  is  done,  one-amp,  one-watt 
cannot  be  specified  as  RF  protection. 
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Mr.  Katz  of  Rooketdyne  ;-;.er;tioned  the  deadline  of  14  months,  saying 
that  anything  not  meeting  one  of  these  specs  by  the  time  viiU  not  fly  in 
national  ranges.  This  applies  on  a  retrofit  basis  as  well.  That  we  like 
or  dislike  a  particular  method  does  not  change  the  fact  that  the  deadline 
must  be  met  with  one  of  the  methods. 

Mr.  VJaddington  crmminted  concerning  Mr.  Sheng*s  remarks  regarding 
comparison  of  DC  to  '  ’  power.  This  may  have  been  true  fur  one  device  but 
it  will  be  necessary  to  look  further  to  assure  that  this  is  universally  true. 

Mr.  Taiani,  of  NASA,  Cocoa  Beach,  commented  that  AMR  has  advocated 
the  one-amp,  one-watt  criterion  for  two  and  one  half  years.  They  waive 
this  requirement  ui.der  certain  circumstances.  The  environment  is  important, 
as  Mr.  Rawls  said  this  morning.  If  the  environmental  tests  can  be  passed 
use  of  the  device  wiU  probably  be  permitted.  Systems  and  program  managers 
know  vdiat  they  want  in  the  vehicle.  Some  companies  use  the  one-amp,  one-watt 
criteria,  others  want  to  use  EEDs  tailored  to  the  system  and  will  face  the 
envlromental  aspects  of  AMR.  He  ccsnnented  .further  that  his  problem  is  not 
the  same  as  with  aircraft  carriers  and  Air  Force,  high  intensity  radars. 

His  organization  has  only  two  C  band  radars  that  are  fai’  from  the  site. 

Their  biggest  problem  are  static  and  lightning. 

A  man  from  Douglas  Aircraft  mentioned  the  large  amount  of  work  on 
decreasing  the  DC  sensitivity  of  EEC’s.  It  appears  that  the  DC  sensitivity 
has  been  reduced  a  small  amount  while  the  RF  sensitivity  has  been  reduced 
by  the  same  small  amount.  Filters  and  equivalent  circuitry  produce  large 
values  of  isolation  but  are  large  in  size  and  difficult  to  incorporate. 

System  design  can  produce  large  isolation  with  little  additional  cost,  weight 
or  bulk.  This  program  la  called  oleotromagnetio  compatibility.  This  program 
is  not  only  applied  to  EED's  but  also  to  trigger  circuits. 

Mr.  DeMaris  of  Oeneral  Electric  Co.  comnented  on  the  long  term 
storage  aspects  of  the  composition  used  in  one-amp,  one-watt  devlcea.  He 
said  that  a  knowledge  of  the  chemical  kinetics  of  some  of  the  newer  ooii^pounds 
has  not  been  thoroughly  established  and  that  this  does  not  create  great 
confidence  in  them. 
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36.  BALLISTIC  SYSTEMS  APPROACH  TO  MINIMIZE 
ELECTROMACaiETIC  RADIATION  HAZARDS  TO  ORDNANCE 


Space  Technology  Laboratories,  Inc. 

H.  L.  Busuttil 
M.  Rosenthal 

Air  Force  Ballistic  Systems  Division 
Lt.  Col.  C.  W.  Schmidt 


1.  RELIABILITY  AND  SAFETY 

The  prime  consideration  in  the  design  of  a  weapon  system  is  the  ability  of 
the  weapon  to  deliver  its  warhead,  be  it  a  steel  sl'ig  or  a  thermonuclear' device, 
to  its  target  with  the  maximum  reliability  consonant  with  its  tactical  mission. 

A  single  low  cost  wsrhaad  (such  as  a  rifle  bullet  slug)  delivered  iji  a  spray 
pattern  need  not  be  as  reliable  in  hitting  its  target  as  an  ICM  warhead  because 
of  Jte  tactical  mission,  which  includes  c.st,  logistics,  etc. 

Ihsre  is  n  second  conetderation  -  safety  -  wrhich  most  people  agree  goes 
hand  in  hand  wl+h  reliability.  Ihe  authors  agree  with  this  thesis,  provided  it 
has  this  single  clarification:  A  reliable  weapon  is  a  safe  weapon  but  a  safe 
weapon  is  not  necessarily  reliable. 

For  the  Air  Force  Ballistics  System  Division  weapons,  maximum  reliability 
attainable  under  the  time  schedule  and  funding  appropriated  is  the  prime  considera¬ 
tion.  Any  item  serving  to  degrade  reliability  must  be  eliminated  (uitioate 
reliability,  of  couree,  is  achieved  by  usDu-l  no  cunponents)  unless  It  is  necessary 
in  achieving  the  weapon  system  objective. 
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Much  progress  has  been  made  with  AFBSD  weapon  systems  since  the  THOR  program 
in  achieving  this  high  reliability.  Increase  in  reliability  has  been  achieved  by 
the  simplification  of  design  and  function  rather  than  by  the  addition  of  con?)lex 
and  expensive  safeguards.  Knowledge  accumulated  from  earlier  programs  (AFBSD  and 
those  of  other  organizations)  has  been  found  to  be  of  inestimable  value.  Infor¬ 
mation  interchange,  although  it  could  be  improved  tremendously,  has  resulted  in 
more  rapid  attairiment  of  reliability  at  lower  cost  to  the  government.  These  ses¬ 
sions,  for  example,  will  return  to  the  government  ma»iy  times  the  costs  incurred 
in  gathering  the  top  caliber  of  personnel  together  here.  The  time  saved  by  wea¬ 
pon  systems  because  of  these  sessions  will  be  significant. 

Into  this  wonderful  single  track  world  of  achieving  weapon  systems  reliability 
came  those  charging  knights  in  shining  armor  -  our  safety  personnel  -  also  opera¬ 
ting  in  a  single  track  world  of  their  own.  Unlike  the  result  expected  from  the 
head-on  collision  of  locomotives  on  a  single  track,  this  clash  of  the  worlds,  we 
are  happy  to  state,  has  resulted  finally  in  mutual  understanding  and  bettement 
for  all  AF  weapon  system  programs. 

2.  AFMTC  RANGE  SAFETT 

Because  of  the  increasing  neglect.,  by  weapon  systems  designers  responsible 
for  ordnance,  of  the  effect  of  electromagnetic  hazards  on  electrically  actuated 
ordnance  initiators  and  electro-explosive  devices  (EEDs),  EEDs  were  beccmting  more 
and  more  sensitive.  After  several  incidents  at  tli«  Atlantic  Kissile  Range  and 
subsequent  discussions  with  range  users,  AFMTC  range  safety  personnel  issued  their 
oft  damned,  sometimes  praised  7  September  1961  "AFMTC  Ordnance  Standards  with 
to  RF  Radiation  Hazards”  in  which  the  1  ampere,  1  watt  no-fire  for  5 
min  '  !  criteria  ware  established. 
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The  uproar  raised  by  various  Air  Force  divisions  and  System  Program  Offices, 
spearheaded  by  the  authors,  was  that  all  the  accumulated  data  on  EEDs  was  being 
discarded,  that  the  designers  were  being  handcuffed  arbitrarily,  and  that  costs 
would  be  increased  and  schedules  slipped,  among  other  things.  It.  Col.  R.  B. 

Moody  of  Dic/Safety  at  Korton  Air  Force  Base  even  proved  mathematically  that -by 
assuming:  ' 

a.  That  the  EED  is  immersed  in  the  very  strong  electromagnetic  field 
density  of  100  watts  per  square  meter  over  the  full  rf  frequency 
range j 

b.  Ihat  the  leads  to  the  BBC  are  exposed  and  configured  as  an  ant«ina, 

c.  That  the  leads  are  of  a  precise  length  to  provide  a  resonant  cir¬ 
cuit  for  the  wave  length  of  the  electromagnetic  field, 

d.  That  the  leads  are  oriented  in  a  three-dimensional  space  in  order 
to  acccmmodate  the  polarization  and  directivity  of  the  EH  field, 

e.  That  the  EED  itself  is  configured  as  an  antenna  load, 
antenna  configurations  most  IdJkely  asstmed  by  an  EED  and  its  leads  (half-wave 
dipols,  quarter-wave  grounded  stub,  and  short  stub,  .<^20,  gn^unded  antennas)  could 
deliver  9  l/2,  1  l/4»  and  1  l/4  watts,  respsctivsljr  to  a  one  ohm  load  EED  at  250  me. 
These  conditions,  of  course,  are  highly  idealized. 

The  big  argument  of  the  anti-range  regulatim  camp  was  that  1  watt  no-fire 
gave  a  false  sense  of  security  and  that  the  logical  way  tc  overcome  the  hazards  of 
rf  radiation  was  to  use  techniques  designed  to  destroy  EED  antenna  and  ant«sia 
transmission  line  characteristics  and  use  SED's  having  the  largest  possible  no-fire 
current  compatible  with  the  EED  application.  The  decision  as  to  the  approach  takwi 
overcome  the  specified  BCt  environment  should  be  left  to  the  weapon  system 
: igner. 
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"Ihe  giant  step  forvfard  resulting  from  the  September  1961  AJMTC  regulation  vias 
bringing  to  a  halt  the  uncontrolled  use  of  sensitive  EED's.  Subsequent  frequent 
and  often  highly  heated  meetings  between  range  safety  personnel  and  the  SFOs 
brought  about  an  understanding  of  each  others  problems.  A  new  set  of  APKTC  range 
regulations,  acceptable  to  all  AFSC  parties  -  without  compromising  any  of  the  tech¬ 
nical  points  or  design  freedom  policies  -  was  agreed  to  by  representatives  of  the 
AFSC  divisions,  including  AFMTC,  at  a  12,  13  March  1963  meeting  at  AFSC  Headquar¬ 
ters,  Andrews  AFB. 

Ihe  new  regulation  requires  as  minimums  the  use  of  a  1  watt/l  ampere  for  five 
minutes  no  fire  EES  or  the  use  of  an  EED  which  at  all  stages  of  handling  and  in¬ 
stallation  must  be  capable  of  withstanding  a  RF  power  dmslty  field  of  100  watts 
per  square  meter  at  50  me  and  above  and  a  power  density  of  2  watts  per  square  meter 
from  150  KC  to  50  me.  Hie  big  item  which  reconciled  all  camps  concerning  validity 
of  the  regulation  for  safety  was  the  stipulation  that  certain  firing  circuit 
design  requirements  must  be  met  regardless  of  which  approach  was  taken  for  EZS 
selection. 

VIhereas  it  was  believed  that  the  worst  conditions  of  RF  power  density  for 
AFBSD  weapons  occurred  at  the  test  ranges,  it  has  been  found  subsequently  that 
operational  bases  occasionally  have  more  severe  environments.  Thanks  are  in  order 
for  the  role  of  the  AEKTC  regulation  In  alerting  the  SFOs  to  hazards  of  EMR  to 
ordnance.  It  Is  hoped  that  missile  designers  and  safety  officers  come  to  the 
realization  that  we  all  live  in  one  world.  It  is  hoped  we  here  do  not  lose  sight 
of  the  fact  that  not  Just  rf  but  jU  stray  elsctrlcal  energy  poses  a  hazard  to 
ordnance  systems. 
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3.  STRAY  ELECTRICAL  ENERGY 


Prior  to  the  1961  range  regulation,  the  Titan  II  and  Minuteroan  programs  both 
were  aware  of  the  hazards  of  stray  electrical  energy  to  the  electro-explosive  ord¬ 
nance  systems  of  both  missiles  and  proceeded  to  attack  them.  The  STL  Program 
Offices  prepared  AF  Ballistic  Missile  Exhibits  and  other  design  criteria  documents 
to  give  systems  engineering  and  technical  direction  to  the  various  contractors  on 
the  weapon  systems.  The  preparation  of  documentation  concernii.g  the  orcuianoe  items 
had  to  be  such  that  each  portion  of  the  weapon  system  having  an  effect  on  the  re¬ 
liability  and  safety  of  the  ordnance  firing  circuitry  would  be  controlled  adequately 
without  needlessly  restricting  the  designer  or  having  an  adverse  affect  cn  that 
non-ordnance  weapon  system  portion.  Because  ordnance  items  are  used  widely  on  those 
missiles,  Interfaces  between  ordnance  and  other  sub-systems  were  numerous. 

Ordnance  is  considered  a  black  art  by  other  missile  sub-systems  and,  therefore, 
little  thought  is  given  the  BED  actuation  cause  and  effect  by  non-ordnance  person¬ 
nel  until  the  missile  test  flights  begin  unless  the  ordnance  designers  educate 
themselves  and  others  about  the  interaction  between  other  weapon  system  components 
and  the  EEDs.  For  the  Titan  II  and  Mlnuteman  programs  full-time  assignments  of 
ordnance  personnel  to  the  Program  Offices  were  made  so  that  ordnance  interfaces 
could  be  handled  before  they  became  problems  and  so  that  ordnance  detail  design  and 
test  would  run  smoothly. 

EUR  and  stray  electrical  energy  effects  on  EBD's  were  handled  by  analyzing  the 
reasons  for  encountering  stray  energy  in  EED  firing  leads  ajid  determining  experi¬ 
mentation  and  test  work  required  to  determine  susceptibility,  BSD  Exhibit  63-8  is  s 
set  of  guide  lines  containing  a  distillation  of  knowledge  gleaned  to  date.  Seme 
the  primary  causes  of  stray  electrical  energy  determined,  but  not  necpssai’i  ly  on- 
countered  n  the  programs,  are  (not  in  -rder  of  importance): 
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a.  Static  electricity. 


This  could  cause  stray  electricity  in  missile  wiring  from  the 
handling  of  improperly  electrically  bonded  parts,  fran  missile 
ionization  in  flight,  or  from  dust  storms,  among  other  things. 
Kilovolts  of  peak  potential  from  such  causes  have  been  built  up  and 
dumped  into  ordnance  and  other  circuitry  with  disastrous  results. 

EEDs  can  and  have  been  set  off  by  the  electrostatic  discharge  frcaa 
personnel  handling  EEDs  who  did  not  wear  conductive  shoes  or  ground- 
ing  bracelets,  who  did  not  ground  themselves  before  handling  ord¬ 
nance,  who  reached  for  ordnance  leads  with  probes  already  charged 
with  static  electricity,  and  in  the  many  other  ways  in  which  static 
charges  are  built  up. 

Hiese  modes  of  malfunction  by  static  electricity  are  handled 
by  requiring  compliance  with  MIlr-B-5087A  for  electrically  bonding 
all  metal  parts  and  the  missile  to  its  launcher,  by  providing  for 
static  electricity  bleeders  during  fll^t  as  necsssary,  by  requiring 
EESs  not  to  fire  or  dud  «d)sn  subjected  to  electrostatic  discharges 
of  up  to  200,000  ergs  from  a  $00  mlcrcnlcrofarad  capacitor  (charged 
to  about  9000V}  under  all  firing  modes,  and  by  procedural  and  equip¬ 
ment  regulations,  including  use  of  anti-static  straps  and  conductive 
coatings. 

b.  Human  Factors. 

The  possibility  of  Introduction  of  stray  electricity  into  EBls 
or  into  Electro-Explosive  Ordnance  Subsystems  (EEOS)  by  personnel 
actions  on  and  in  the  vicinity  of  the  EEDS  is  the  major  accident  fac¬ 
tor.  After  ordnance  initiators  are  mechanically  Installed  or  electri¬ 
cally  connected,  Introduction  of  currant  generating  equipment  o**  hot 
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instrumentation  leads  on  the  weapon  system,  around  umbllioals  and 
ordnance  firing  circuitry  and  around  the  firing  console  should  be 
forbidden  or  permitted  only  under  extremely  ti^t,  knowledgeable 
supervision.  Good  design  dictates  that  a  minimum  of  two  human 
errors,  indepetident  in  nature,  should  be  able  to  occur  at  each  EEOS/ 
human  interface  without  ignition.  All  other  weapon  subsystems  and 
external  environmental  stray  energy  sources  should  be  operating  when 
the  evaluation  is  made.  Further,  careful  evaluatim  should  be  made 
of  human  'factors  in  ccmjunctlon  with  missile  system  power  mode 
changes  because  electric  pmps,  solenoids,  etc.  are  a  major  source 
of  stray  electrical  energy  vAien  in  the  switching  mode.  The  replace¬ 
ment  of  ordnance  Initiators  with  stray  energy  detectors  during  tests 
of  missile  system  power  mode  change  effects  on  electro-explosive 
ordnance  systems  is  invaluable  in  detecting  human  factor  errors, 
c.  Water  Leak  Paths  and  Corrosion. 

An  unfortiButely  common  occurrance  has  been  sloppy  workmanship 
around  misclles  which  has  resulted  in  moisture  entering  the  wiring 
to  fora  a  conductive  path  from  a  hot  circuit  at  one  location  to  an 
ordnance  firing  lead  at  another  location.  Mysterious  accidental 
firings  and  duddlngs  have  been  traced  to  such  causes.  Wiring  and 
connectors  bhould  be  moisture-proof. 

"Uhless  suitably  protected,  dissimilar  metals  capable  of  elec¬ 
trolytic  corrosion  shall  not  bo  used  in  intimate  contact  with  ea^ 
other.  If  dissimilar  metals  are  used,  tests  must  be  mads  for  SESEtX 
e.m.f.  and  corroslm  to  insure  qrstem  safety."  Coag>liance  with 
this  requirement,  however,  has  frequently  caused  conflict  with  tiie 
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good  electrical  bonding  requirement  (conductance  of  100  mhos).  Both 
requirements  can  and  must  be  met  simultaneoulsy.  ihere  are  excel- 
l«it  electrically  conductive  coatings  that  serve  as  corrosion 
barriers  and  there  are  numerous  mechanical  ways  to  cmsply  with  both 
requirements .  Care  must  be  taken  that,  in  meeting  the  dissimilar 
metals  requirement  by  insulating  metal  parts,  statue  electricity 
vulnerability  is  not  increased. 

Induced  Transients  and  Circulating  Currents. 

Ihese  two  causes  of  stray  electrical  energy  can  be  further 
broken  down  into  many  detailed  headings.  Ihey  have  been  and  still 
are  an  iisporttat  source  for  reports  of  actuating  and  duddlng  EBls 
inadvertently.  Diey  can  be  overecme  by  good  desi^pi  practices  but 
should  be  checked  for  their  absence  by  the  use  of  stray  voltage  or 
stray  energy  detectors  installed  electrically  in  place  of  the  EEDs 
when  all  electrical  systm  except  the  ordnance  subsysteau  are 
operated.  These  detectors  should  have  ths  same  impedances  as  the 
XDs  but  should  be  sensitive  enough  to  detect  stray  electrical  ener¬ 
gy  A.C.  and  O.C.  whi^  nay  cause  duddlng.  Stray  electrical  energy 
checks  should  be  made  on  each  installed  missile,  and  not  just  Initially 
for  a  desiffs  check,  because  human  factors  probably  make  each  instal¬ 
lation  different,  with  respect  to  stray  electrical  snergy  envlron- 
mants. 

Oesi^  requirements  included  in  BSD  Sxhibit  63-S  to  overcame 
such  causes  of  stray  electrical  energy  ares 

1.  ms  inductance  and  capacitance  both  series  and  parallel 
shall  be  kept  to  a  minimum. 


2.  Isolate  ordnance  firing  circuits  physically  from  other 
power,  control,  electronic  or  oth4r  current  carrying  cir¬ 
cuits. 

3.  Use  balanced  (ungrounded)  two-wire  feeder  circuits  for 
ordnance  systems.  Designs  should  be  analyzed  to  insure 
that  this  balance  is  maintaiiied  in  all  operational  system 
configurations. 

4.  Control  the  circuit  configuration  of  those  two-wire  systems 
by  using  methods  that  maintain  the  geometrical  symmetry 
between  the  two  wires  in  the  feeder  systems.  Tightly 
twistad  pairs  should  be  used  where  possible. 

5.  The  fomatioi  of  multiple  ground  paths  shall  be  avoided  to 
preclude  inductive  stray  electrical  energy  coupling. 

It  should  be  noted  that  any  sudden  surge  of  power  required  from 
the  power  supply  will  cause  a  transient  which  either  anut  be  lived 
with  without  causing  malfunction  or  which  must  be  protected  against. 
Conversely,  EB>s  are  prone  to  short  for  either  a  transient  period  or 
for  s  long  period  of  time  after  being  fired.  Accordingly,  other  wea¬ 
pon  system  cempnients  may  be  adversely  affected  and  the  ordnance 
designer  should  issue  appropriate  warnings  so  that  remedial  measures 
may  be  taken, 
e.  Leakage  Resistance. 

This  properly  siay  belong  with  the  discussions  in  previous  para¬ 
graphs,  but  is  included  separately  to  mention  that,  althou^  elec¬ 
trical  wiring  insulation  is  provided  universally,  it  is  not  uncoemon 
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to  find  missiles  vdth  insulation  eroded  or  abraded  fr<m  the  viirlng 
because  of  physical  interferwice  >d.th  another  subsystem,  incompati¬ 
bility  with  environmental  factors,  or  because  of  poor  workmanship. 

BSD  requires  the  leakage  resistance  between  all  mutually  insulated 
parts  to  be  at  least  100  megohms  at  a  D.C.  potential  of  500  volts. 

A  study  is  made  of  the  wiring  installations  for  ph}'si"al  inter¬ 
action  during  and  after  missile  build-up  and  the  effects  of  environ¬ 
ment  (such  as  vibration)  on  the  wiring  and  ^iiysleal  relatione  with 
adjacent  components  or  structure  are  analyzed  and  tested,  if  nec¬ 
essary. 

f .  Circuit  Contlnultr  Checks. 

There  is  no  reason  for  peraittlng  the  use  of  EED  circuit  con¬ 
tinuity  checkers  having  an  output  of  more  than  25  mlUianperes. 

With  the  selection  of  a  sufficiently  hig|)  D.C.  no-fire  current 
(1  ampere),  it  is  not  expected  that  any  number  of  GSD  circuit  ccn- 
tinuity  tests  at  25  ma.  will  dograde  the  EED.  Itofortunately,  some 
unauthorised  ohnaeters,  ballistic  galvancmetars  and  AC  operated 
VTVM's  capable  of  delivering  0.5  amps  are  available  at  mllltory  in¬ 
stallations.  Accidents  have  happened.  However,  these  are  caused  bar 
procedural  errors  which  should  be  ecntroUed  by  tiie  co^swt  safety 
officer  who  should  be  guided  by  very  clear  and  emphatic  publications 
warning  about  use  of  unauthorised  tost  gear. 

E*  Incorrect  Wiring. 

Incorrect  wiring  of  ordnance  firing  leads  has  been  dene  on 
many  programa  at  various  installations.  The  obvious  cures  are  to 
minimize  the  number  of  ooraiecticns  in  wiring  circuit,  label  the 
wiring  clearly,  use  connectors  with  polarized  pins,  lands  and  grooves 
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to  minimize  ttie  possibilities  of  mismatch^  and  eldjnination  of  spliced 
cables.  Circuit  continuity  checks  should  be  made  to  identic  leads 
prior  to  electrically  mating  EEDs  to  them, 
h.  Rlfictromagnetic  Radiation . 

There  is  no  need  to  describe  IMR  hazards  to  this  group  except 
to  state  that  transmitters  are  springing  up  like  weeds  around  the 
country  with  one  group  not  bothering  to  coordinate  with  another. 

What  BSD/STI  originally  considered  to  be  chiefly  a  range  problem  Is 
now  an  operation  problem  as  well. 

Steps  taken  to  handle  the  rf  radiation  problos  are  discussed 
herein. 

In  order  to  afford  naximum  design  flexlbill^  to  the  missile  designers,  cer¬ 
tain  perfomance  reliability  and  safety  criteria  were  issued.  In  the  ease  of  the 
Mlnutisaan  missile  solid  rocket  engine  igniters  and  all  BSD  missile  destruet  sys¬ 
tems,  out-of-line  powder  train  rotors  are  used  to  insure  that,  with  the  rotors  in 
the  safe  position,  accidental  initiation  of  the  EESs  would  not  result  in  actuating 
the  rest  of  the  powder  train. 

The  basic  approach  used  to  minimlss  the  rf  radiation  hazard  (d'xiding  or  prs- 
mature  i^tition)  to  both  XZSs  and  E390S  was:  (a)  to  require  the  use  of  techniques 
which  destroy  EBOS  antenna  and  antenna  transmission  line  characteristics,  (b)  to 
require  that  the  QDs  hare  1  ampere  D.C.  for  fire  minutes  minimum  no-firs  charac¬ 
teristics  with  a  0.999S  raliabllity  at  a  9SX  oonfidencs  level,  (c)  to  requlra  titat 
KEDs  use  wire  bridges  Instead  of  carbon  bridges  to  reduce  susceptibility  to  peak 
power,  (d)  to  require  that  the  susceptibility  of  SDs  to  rf  radiation  powtr  coined 
th«  brldgewlrebs  determined  frost  1  to  10,000  me,  end  (e)  Uiat  analyses  and 
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testa  be  performed  to  demonstrate  ability  of  the  EBOS  to  survive  successfully  expected 
RF  environmental  conditions. 

In  close  cooperation  with  the  Franklin  Institute,  viiich  has  bem  found  to  be 
one  of  the  most  knowledgeable  sources  on  rf  radiation  -  EBD  interaetions  lnfor> 
mation,  a  test  program  as  foUotn  has  been  established  as  the  general  basic  from  ^ich 
to  detendne  rf  sensitivity  of  £B)e. 

4.  BVALUAnCW  OF  RF  SaiSITIVITT  OF  EBOS 
Ihe  minimum  procedures  discxtssed  below  are  used  by  the  Titan  IT  and  Ninuteman 
programs  to  detenlne  the  extent  of  the  rf  hasard  to  a  particular  missile  circuit. 
These  procedures  are  offered  as  catkddates  for  standardised  use  in  validating  ability 
of  EBOS  in  meeting  test  range  and  operational  environsents.  Steps  in  the  procedures 
are  as  follows: 

a.  SUUetioal  RF  Sensitivity  Teats. 

The  first  st^  is  eondueting  Ltboratoiy  tests  to  dstenains  the  rf 
sensitivity  of  sa^  type  of  initiator  used  on  the  weapon  systen  to 
application  of  rf  power  directly  to  the  input  pins,  using  a  elosad  sys* 
ten  in  which  iapedanoes  of  source,  line,  conneotors  and  load  are 
matched  to  assure  marlmua  transfer  of  power.  The  frequency  range  from 
below  5  mo  to  10,000  mo  is  explored  in  at  least  four  bands,  ualng  oon- 
tinuotts  wave  foias  at  all  bands  to  the  upper  limit  of  thssq(u^pant  and 
using  $00  to  1000  ppe  pulsed  wave  foms  beginning  at  2S00  mo.  bhers 
the  upper  power  limit  of  the  eqplpawt  is  reaohsd  without  BDs  firing 
when  using  the  eontinuoua  wave  fora  at  any  frequan<y  bnd,  than  the 
pulsed  wave  fom  riwuld  be  used.  Power  applieation  dwuld  be  eontrolled 
end  should  last  10  to  1$  seocnds. 
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Either  the  Bruceton  or  Probit  Plans  should  be  followed#  From 
the  date  generated  in  these  tests,  curves  should  be  calculated  and 
plotted  for  average  power  vs  frequency  at  the  0.999,  0.500,  and 
0.001  firing  probabilities  at  the  95S(  confld«tce  level.  Ihe  CW  data 
probably  will  fom  a  smooth,  continuous  curve  vdtereas  the  pulsed 
data  probably  will  fall  on  a  separate  cur*/e. 
b.  Pln-To-Case  Mode  RF  Sensitivity  Tests. 

It  has  been  noted  that  certain  initiators  (such  as  the  U.  S. 

Flare  Model  207A  squib)  are  more  sensitive  to  rf  power  in  the  pin- 
to-case  mode  than  throu^  the  bridgewire  circuit  at  certain  fre> 
queneies.  Accordingly,  it  has  been  found  necessary  to  test  initiators 
with  rf  power  applied  in  the  pln-tu-case  node  at  the  0.999  firing 
probability  level  determined  from  the  pln-to-pin  rf  susceptibility 
tests.  Greater  susceptibility  in  the  pln>to-case  node  is  the  excep¬ 
tion,  rather  than  the  rule.  Consequently,  a  two  initiator  test 
(using  initiators  not  fired  in  the  pin-to-pln  node)  at  each  frequency 
band  generally  is  sufficient. 


v?  \Fmi 


An  ^nportant,  but  such  neglected,  aspect  of  hasards  to  ordnance 
froB  ENR  isdudding  SB)s  by  the  application  of  OSt  at  levels  below  that 
required  for  actuation  to  EEDs  for  extended  periods  of  tine.  DuMing 
occurs  idten  bridgewire  temperatures  or  pyrotechnic  temperatures  are 
raised  to  a  critical  point  where  chemical  dacociposltian  or  physical 
degradation  is  initiated  and  than  held  at  nr  above  these  temperatures 
for  extended  time  periods.  Two  methods  employed  to  detemino  initiator 
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duddinfe  ch  ’•a^'toristlcs  are:  (1)  De+  "a^ne  th^  c'-iti  ;:!  py. oteuiyiio 
temperature  versus  time  relationship  and  then  determine  the  dc  or  rf 
electrical  power  input  required  to  raise  the  bridgewire  or  pyro¬ 
technic  composition  to  t!ie  critical  teoqserature  corresponding  to  the 
time  period  of  interest}  (2)  Eieperliwntally  determine  the  and  rf 
electrical  power  inputs  versus  time  which  will  osuee  the  F’®  to 
change  performance  significantly.  Pulsed  power  as  well  ’.s  continuous 
wave  power  should  be  employed. 

d.  Measurement  Syatea  Calibrattwi. 

In  these  tests,  rf  power  is  applied  through  the  bridge'/dre  of 
the  20)  in  a  closed  system  using  coaxial  cables  or  wave  guides  to 
connect  the  rf  generator  and  initiator.  Mo  rf  should  he  psrriitwi 
to  radiate  from  the  system  or  to  be  received  by  the  HED  frc:'i  external 
source;.  The  Impedances  of  the  transmitter,  the  transmission  llh': 
and  connaetore,  and  the  E£D  should  be  matched  closely  to  pcimit  maxi¬ 
mum  power  transfer.  Ib  oemptnsete  for  expected  nlsmatohesi  seme 
tuning  device  is  required.  However,  at  the  higher  frequencies  the 
losses  in  the  tuning  device  end  the  transmission  line  tc  the  EED  tre 
'ubrtantlal  beesuse  of  the  high  voltage  standing  wavss  and  the  cev- 
sspondingly  high  currents.  The  system,  therefore,  should  be  calibrated 
to  deteraine  the  extent  of  the  lueses  and  the  test  results  should  be 
orrected  accordingly. 

e.  !i  :  Bricetai  taalysss. 

In  order  to  have  a  atatlstical  standard  of  comparison  for  the 
rf  p  wer  suscertlbllity  tests  discussed  herein.  It  is  erucntial  thst 
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Problt  or  Bruceton  tests  to  determine  sensitivity  to  do  be 
conducted.  Data  should  be  obtained  over  a  range  of  current  levels 
and  pulse  times  to  afford  maximum  information  for  rf  test  control 
purposes  and  for  the  firing  circuit  designers. 

f.  Pulsing  Information  Tests. 

It  is  not  feasible  to  conduct  rf  tests  ovs;-  the  entire  fre¬ 
quency  spectrum  using  pulse  modulated  transmitters  and  various  imise 
tinos  and  repetition  rates.  Because  pulsed  transmitters  usually 
nave  peak  power  about  1000  times  their  average  power,  it  is  possible 
that  an  EES  ml^t  be  more  sensitive  to  pulsed  rf  than  to  continuous 
wave  rf .  Ihe  much  greater  power  in  a  short  pulse  may  cause  rapid 
heating  of  l^e  brldgawlre  and,  if  the  time  until  the  next  pulse  is 
short  coeqsared  to  the  cooling  tiste  of  the  bridgewlre,  repeated  pulses 
will  result  in  "thermal  stacking".  Ihis  nay  cause  the  EED  to  fire 
at  average  power  levels  that  are  lower  than  those  for  the  continuous 
wave  method  of  applying  power.  In  order  to  obtain  qualitative  data 
with  regard  to  these  effects,  the  dynasdc  resistance  (the  rate  of 
change  of  resistance  and  rate  of  change  of  bridgewlre  tesq>erature 
increase  with  respect  to  current)  and  the  thermal  time  constant  (the 
rate  at  idiich  the  bridgewlre  system  cools)  should  be  measured. 

g.  Lead  Wires.  Conpectors  and  Assertrljr  Teeti. 

Because  almost  all  initiators  are  used  in  conjunction  with  other 
components  to  form  an  asseafely,  it  is  essential  in  validating  rf 
sensitivity  of  KSOS  to  dstermins  the  rf  susceptibility  of  each  indi¬ 
vidual  IB)  and  its  associated  assea^ly  and  circuitry.  Normally, 
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adding  components  I.j  the  i;  i!.j.ator  pro'.ddes  shielding  and  attenuation 
which  increase  greatly  the  level  of  rf  pow-T  which  can  be  vdthstood 
safely,  as  compared  to  the  initiator  alone.  Tests  are  conducted  vdth 
assembled  luiits  in  which  the  initiator  is  replaced  with  an  instrumented 
simulator  having  the  same  impediinco  as  the  initiator.  HF  energy  is 
purnod  iiitii  the  system  -t  various  points  where  rf  might  conceivably 
enter  under  normal  service.  Tiie  if  energy  is  Injected  in  a  closed, 
matched  system  and  the  incident  power  is  measured  accurately.  Com- 
paid.son  of  tlie  incident  power  and  power  reaching  the  initiator  gives 
an  indication  of  the  degree  of  attenuation  or  safety  margin  provided 
by  the  additional  components.  Measurements  are  made  at  eeveral  fre- 
quen.’les  ever  the  rf  spectrum. 
h«  Assessment  of  Susceptibility. 

Having  determined  experimentally  the  rf  sensitivity  of  the  BED 
0.1(3  the  (iegree  of  protection  afforded  by  the  other  components  and  cir¬ 
cuitry  with  which  the  BED  It  used,  tlie  next  .step  le  to  derive  ide.il 
.i'3  tnnas  based  on  in^’ormation  gathered  fren  range  safety  personnel, 
system  de'-lgners,  and  -  it  is  hoped  -  a  central  rf  infoimtion  li¬ 
brary  to  be  established  in  the  neat  future.  With  this  infoimtion,  it 
is  possible  to  calculate  the  minljwni  rf  field  Intensity  wnich  con¬ 
ceivably  could  present  a  hazard  to  the  partio’olar  ElD.t  luvolved.  This 
value  then  w  uld  be  centred  wit).  ■  ■  expo  .Ai  envi  .nmenus  at  th'.' 
test  reuses  and  operationally. 

Examination  of  possible  recel'^g  anteijcis  ..  ;  ;aated  with  t'  ■> 

EED  should  be  examined  first  so  that  any  wirti  i  ohuiges  that  obviously 
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need  to  bs  made  can  be  done  at  an  early  date.  Uie  concurrency  concept 
makes  early  action  an  economic  necessity.  Long  unshielded  leads  might 
act  as  rhombic,  loop,  dipole,  c.r  long  vdre  antennas  and  be  effective 
in  absorbing  rf  energy  from  the  environment  and  transferring  it  to  the 
EED.  Criteria  now  applicable  to  AFBSD  programs, of  course,  are  de¬ 
signed  to  preclude  unshielded  lead  wires,  and  v.dri”;  owifigured  as 
effective  antennas. 

However,  it  is  necessary  to  analyze  the  lead  wire  configurations 
and  determine  the  possible  ideal  antennas  that  can  be  made  and  then 
calculate  their  maximum  effective  apertures.  Ihe  maximum  effective 
apertura  multiplied  by  the  rf  field  power  density  gives  tlie  maximum 
rf  power  that  could,  be  received  by  the  EE3.  Hie  rf  power  actually 
reaching  the  EED  bridgewire  will  be  reduced  by  the  amount  lust  in  the 
transmission  line,  associated  circuitry  ccoponents,  and  the  initiator 
plug  If  the  calculated  nmount  of  rf  power  (backed  up  by  obtainable 
experimental  data  where  nocsssary)  actually  reaching  the  bridgewire  is 
lower  than  the  rf  power  for  the  0.001  probability  of  initiation  with 
95^  confidence  level  of  the  basic  initiator,  then  it  can  be  concluded 
that  the  EEOS  is  safe  in  the  specified  rf  field  power  density  environ¬ 
ment. 

The  ES)  must  be  evaluated  under  conditions  expected  during  handling, 
processing,  transport,  storage,  and  during  and  after  installation. 

Hie  AFNTC  has  already  prepared  forms  to  be  employed  by  range 
users  to  validate  the  safety  of  EEDs  and  EbUS  under  AKH  guaranteed  rf 
field  intensity  envirorsnents.  As  was  mentioned  earlier  the  envlronmmita 
are: 
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a.  From  150  ko  to  and  including  50  me,  the  field  intensity 
is  2  watts  per  square  meter  or  28  volts  per  meter. 

b.  From  50  me  to  40,000  me,  the  field  intensity  is  100  watts 
per  square  meter  or  194  volts  per  meter. 

AfKTC  will  require  users  to  plot  relative  DB  above  or  below  a 
zero  DB  reference  level  as  the  linear  ordinate  scale  on  said- 
logarithmie  paper  versus  frequency  as  the  logarithmic  scale.  The 
DB  values  will  be  calculated  as : 

a.  From  50  me  and  Below:  DB  •=  10  log  P  or  DB  =  20  log  E 

2  28 

b.  Above  50  me:  DB  “  10  log  P _ or  DB  “  20  log  E 

100  194 

Positive  DB  values  will  indicate  EED  susceptibility  to  rf  fields 
greater  than  specified  at  AFMTC  and  negative  DB  values  indicate  SB) 
susceptibility  to  rf  field  less  than  those  specified  at  AFMTC. 

It  is  believed  similar  criteria  are  required  for  all  operational  and  test  en- 
viremants  to  which  SESs  will  be  exposed. 

5.  FIELD  APFUCAHO’S 

After  empl  ying  the  best  available  design  ueans  for  protecting  SEOS  and  EEDs 
from  stray  electrical  energy,  includl;>g  rf,  it  is  essential  to  deteinine  (a)  whether 
sloppy  fabrication  techniques  or  improperly  fabricated  parts  themselves  for  each 
individual  weapon  have  not  introduced  some  new  stray  energy  problem  (items  such  as 
wiring  errors,  improper  bonding,  grounds,  shorts,  unexpected  transients,  etc.),  and 
(b)  idtether  tite  environmental  conditions  on  idilch  the  design  has  been  based  have  not 
been  underestimated  or  been  changed  adversely  (uneiqMcted  interactions  tdien  com¬ 
munications  links  are  activated,  ground  reflections,  etc.). 
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The  means  employed  to  answer  these  questions  must  include  tighter  quality 
assurance  provisions  and  actual  tests  at  the  test  and  operational  sites.  The 
ability  to  employ  ti^t  quality  asstirance  controls  must  be  a  consideration  in 
the  design  of  components  and  assemblies.  Actual  tests  in  the  field  include  the 
obvious  such  as:  EED  circuit  continuity  checks,  firing  lead  circuit  continuity 
checks,  and  checks  to  determine  that  firing  circuitry  leads  are  dead  prior  to  elec¬ 
trical  connection  of  EEBs.  BSD  weapons  are  checked  for  stray  electrical  energy  by 
means  of  stray  energy  or  stray  voltage  detectors  electrically  installed  in  place 
of  the  EED  initiators  to'detexmine  if  a  predetermined  stray  voltage  is  detected  in 
the  E®  firing  leads  \dien  the  electrical  energy  generating  equipment  is  turned  on 
during  missile  and  launch  verification  exercises.  Such  procedures  are  followed  on 
other  than  BSD  programs,  of  course. 

Because  Murphyiams  can  occur  on  a  random  bf^sis,  however,  it  is  good  practice 
to  perfom  this  stray  energy  cheek  on  every  missile  after  installing  the  missile 
at  its  site  or  launch  platfom. 

It  should  be  noted  that,  in  order  to  obtain  stray  energy  or  stray  voltage 
detectors  whioli  are  more  sensitive  to  IMR  fields  than  the  EED  initiator  for  which 
they  are  substituted,  pyrotechnic  actuated  detectors  usually  have  bridgewire  re¬ 
sistances  greater  than  the  EED  initiator.  It  is  desirable  to  duplicate  the  E® 
initiator  bridgewire  reslstuice  and  still  have  the  stray  energy  or  stray  voltage 
detector  more  sensitive  -  to  a  predatexninsd  and  logical  degree  -  than  the  £®. 
Non-pyrotechnie  operated  stray  energy  detectors,  such  as  those  produced  by  Hu{^es 
Aircraft  and  Assenbiy  Qigineers,  can  perform  in  iiils  manner.  The  advantages  of 
non-pyrotechnie  actuated  stray  energy  detector  are  that  they  pose  no  explosive 
hazard  and  car  be  tested  and  reset  wi^out  renewing  thms  and  can  be  reused. 
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In  order  to  keep  designers  abreast  of  EMR  environments  expected  to  be  «i- 
countered,  it  vrould  be  useful  for  "electrodetic"  maps  to  be  made  and  kept  up  to 
date  -  -where  feasible  -  of  the  test  ranges  and  military  bases  vhere  EEDs  are  em¬ 
ployed.  SEEIA  performs  such  services  vrtjen  requested  for  Air  Force  installations 
and,  no  doubt,  other  agencies  do  this  for  the  other  services.  However,  it  is 
important  that  the  -weapon  system  program  offices  have  this  -Information  throughout 
the  design  phase  so  that  they  know  if  the  FMR  environment  in  >Ailch  -the  weapon  must 
sit  or  through  vdilch  the  weapon  must  fly  is  different  from  vd»at  was  expected.  Hie 
national  test  ranges  do  provide  such  Information  when  requested. 

6.  'miGCER  CIRCUITS 

The  study  of  Ordnance  hazards  should  not  be  limited  to  the  Inadvertent 
initiation  of  an  electro-ejqiloslve  device  by  means  of  electromagnetic  radiation. 

It  is  one  of  the  purposes  of  this  paper  to  emphasize  the  most  critical  hazard,  the 
susceptibility  of  the  electronic  triggering  circuit. 

Electronics  has  seen  some  remarkable  advances  in  the  last  ten  years,  with  the 
advent  of  the  fast  switching  transistor,  silicone  ccxitroUsd  rectifier  and  sensi¬ 
tive  switching  relays.  The  trmid  has  been  toward  faster  response  time,  lower 
power  consiaiption  aitd  extreme  compactness.  Then  to  further  complicate  the  sus¬ 
ceptibility  problem,  digital  computers  and  programmurs  have  been  developed  that 
can  respond  to  switching  slgyuds  in  mlUiHnicroseconds  at  extremely  low  power 
amplitude.  It  has  been  through  these  advances  that  our  long  range  missiles  have 
been  made  possible.  But  these  veiy  characteristics  have  ccnpllcated  the  problem 
of  protecting  ordnance  systems  from  praaiature  initiation. 

There  have  been  a  number  of  instances  where  the  electronics  system  was  caused 
to  malfunction  by  electro-interference,  consequently  initiating  ordnance  -ents 
prematurely.  The  average  power  required  to  fire  an  ordnance  initiator.  sulb. 
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in  a  conventional  ordnance  system  is  about  a  1/4-  watt  for  one  millisecond.  On 
the  other  hand,  most  triggering  circuits  can  be  initiated  by  a  pulse-gate  transient 
with  much  less  power  with  a  duration  measured  in  microseconds.  The  susceptibility 
of  the  electronics  in  an  ordnance  firing  circuit  has  now  passed  that  of  the  ir.iti- 
ator  and  now  reo.’oircs  the  close  scrutiny  of  the  systems  engineer  to  establish  that 
the  proper  isolation,  shielding  and  good  design  is  in  the  firing  circuits. 

The  ever  increasing  power  densities  that  are  being  produced  by  high-power  radar 
are  Indeed  demanding  that  the  environmental  requirements  for  these  systems  be 
raised. 

Another  contributor  to  the  ordnance  system  haiard  is  the  electrostatic  charge 
developed  by  our  new  solid  propellant  boosters.  The  ]:henomenon  of  an  electro¬ 
static  charge  that  is  developed  by  the  hot  droplets  of  metallic  oxides  impinging 
on  the  exit  noiales,  has  caused  sraae  very  high  arc  discharges  to  occur  between 
isolated  pieces  of  metallic  structure  in  a  booster.  The  electro-interference  caused 
by  this  ;dienamenon  has  affected  the  guidance  systems  of  some  vehicles.  The  same 
vehicle  contained  some  1  amp  no-flre  initiators  which  were  not  directly  affected 
by  the  interference.  This  again  proves  that  our  electronics  systems  are  the  weak 
links.  Other  surveys  have  also  proven  that  the  electronics  vrere  more  susceptible 
to  R-F  pulse  radiation  than  the  initiator. 

Therefore,  as  a  result  of  this  increased  awareness  of  the  weakness,  SU.  has 
sstabllshed  the  viewpoint  that  the  ordnance  system  must  be  an  Integrated  design  vdth 
the  major  objectives  being  reliability  and  safety  in  the  ejq^ected  environment.  This 
requires  the  ccn^lete  analysis  of  an  ordnance  design  to  detenaine  its  susceptibility 
to  the  electromagnetic  hacards.  The  enforcement  of  these  design  objectives  is 
accomplished  by  the  lesuance  of  an  ordnance  design  criteria  which  Includes  the  ground 
rules  for  safe  electrical,  electronic  and  ordnance  design.  Grounding  and  shielding 
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criteria  with  verification  tests  are  also  included.  Furthermore,  the  implementation 
of  the  design  objectives  demands  a  constant  surveillanoe  of  the  design  especially 
in  the  new  space  and  ICBM  systems  vhich  are  utilizing  ordnance  functions  in  ever- 
increasing  numbers. 


7.  INFORMATION  AGENCY 

This  paper  has  indicated  that  there  is  no  single  cause  or  cure  for  all 
electromagnetic  radiation  hazards  to  ordnance  any  more  than  there  is  a  sligle  cause 
or  cure  for  war,  worry  or  women.  Although  the  problem  of  EUR  hazards  is  cOB^lex, 
it  has  been  worked  on  by  many  government  and  private  agencies  for  many  years.  It 
is  wasteful  of  time  and  money  if  the  eiqreriences  of  all  those  particlpatixtg  in  the 
HHRO  field  are  not  available  readily  to  neoj^iyte  and  veteran  alike.  The  solid  and 
liquid  propellant  rocket  fields  each  have  a  central  information  agency  which  gathers 
data,  abstracts  data  and  publishes  the  abstracts,  distributes  reports,  serves  as 
a  central  library  and  serves  in  the  capacity  of  arranging  periodic  meetings  of 
groups  and  caemlttees. 

The  SPIA  and  LPIA  are  agmcles  sponsored  by  the  Any,  Navy,  Air  Force  and  now, 
probably,  NASA  as  joint  funding  ventures  under  the  oognlzance  of  one  of  the  Depart¬ 
ment  of  Defense  agencies.  Such  an  inforaation  agency  is  needed  in  ti.o  HESiO  field. 

Under  such  an  agency,  a  catalogue  of  all  electrically  actuated  ordnance  initi¬ 
ators  could  be  prepared  which  would  enable  designers  to  take  advantage  readily  of 
the  current  state-of-the-art.  A  fora  requiring  all  pertinent  performance  and  safety 
inforaation  for  ordnance  Initiators  and  the  like  could  be  prepared  which  military  and 
NASA  contracts  could  state  must  be  filled  out  by  the  vendor.  It  is  true  that  same 
agencies  now  require  and  publish  such  inforaation,  but  jll  agencies  do  not  do  so. 

The  Jiformatlon  agency  concept,  if  followed,  should  make  such  action  mandatoiy. 
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Cross-fertilizaliun  of  ideas  and  experiences,  such  as  is  occurring  at  this 
me-^tlng,  is  essential  to  rapid  progress.  By  being  the  funnelling  and  distributing 
central  point  for  aU  information  regarding  KERO  and  other  stray  electrical  energy 
hazards  to  ordnance  and  their  trigger  circuitry,  the  required  cross-fertilization 
could  be  achieved  through  a  central  information  agency. 

e.  CONCLUSION 

Ihe  authors  vrauld  like  to  reiterate  several  points: 

a.  The  EMP.  hazards  to  ordnance  probleiri  should  not  be  confined  to  the  effects 
of  rf  radiation  on  EEDs  but  should  be  e^qsanded  to  consider  hazards  from 
all  stray  electrical  energy  on  electro-explosives  ordnance  systems  - 
including  trigger  circuits. 

b.  The  rf  hazards  to  ordnance  problem  is  primarily  an  antenna  and  antmna 
transmission  line  problem  and  the  optimum  solutions  lie  in  the  direction  of 
destroying  EEOS  antenna  characteristics,  employing  filters  and  attenuators 
in  the  circultiy,  and  using  the  least  current  eensitlve  EEL)  initiators. 

There  is  no  universal  panacea.  Each  missile  is  a  problem  unto  itself  and 
the  solution  requires  use  of  opm,  Inforaed  mlnde. 

c.  It  is  essential  that  the  rf  end  d.o.  aensltlvity  of  a?l  EED  initiators  be 
detennined  by  themselves  and  in  their  assemblies  so  that  it  is  possible  to 
deteimlne  the  QfR  environment  to  which  they  may  be  exposed  and  the  auxiliary 
weans  required,  if  neeeesary,  to  protect*  them. 

d.  It  is  necessary  that  any  criteria  established  provide  vfeapon  system  de¬ 
signers  with  maximum  design  latitude  but  also  vdth  well  defined  environ¬ 
mental  requirements  and  means  of  validation.  Early  definition  of  stray 
energy  environment,  although  not  completely  accurate,  is  prefeiable  to  toe 
late  a  more  accurate  definition  of  environment. 
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e.  It  is  important  that  field  tests  be  conducted  for  each  installation  to 
ensure  against  the  presence  of  unacceptable  levels  of  stray  electrical 
energy  in  the  EEOS  under  the  most  adverse  ejgiected  test  or  operational 
conditions. 

f.  Full  use  of  statistics  and  random  sampling  techniques  Is  required  in  order 
to  conduct  evaluations  economi  '^Uy.  Those  not  believing  in  random  samp¬ 
ling  should  give  up  all  their  blood  for  analysis  the  next  time  they  visit 
their  doctor. 

g.  Establlshnent  of  an  impartial  central  infomatlon  agency  to  serve  all 
military,  space  and  air  traffic  agencies  is  recconended  to  enable  maximvn 
use  of  Infomatlon  developed  in  the  field  of  stray  electrical  energy  hazards 
to  ordnance  systems. 


36.  DISCUSSION 

Kr.  Coina^  pointed  out  that  the  Navy  has  put  a  great  deal  of 
effort  forth  in  developing  WR27.  This  document,  a  design  plan  to  preolude 
electromagnetic  haiards,  has  been  circulated  to  Aray,  Navy  end  Air  Force 
Activitiee  for  consideration  as  a  NIL  standard.  Ths  Air  Force  replied 
first,  suggctinj  that  ms  hold  off  publishing  this  as  a  NIL  standard  until 
thsy  could  come  up  with  enough  information  to  ooensnt  on  it.  The  second 
reply  was  from  Frankford  Arsenal  irtu>  spoke  for  the  entire  Arngr.  Not  all 
of  the  papers  sent  out  have  been  returned.  This  document  attsnpts  to 
servo  as  a  guide  for  weiqMna  designers  and  contain  all  of  Commander  (fray's 
statsmsnts  plus  the  results  of  studies  in  this  country. 

tfr.  Coimack  cooiented  further  that  the  results  represent  a  three- 
year  effort  inside  the  Navy  and  that  the  document  is  now  crossing  the 
Services  boundary.  Some  new  requlrensnte  have  been  brought  up  as  a  result 
of  requirsmsnts  peculiar  to  Army  and  Air  Fores  problems.  These  certainly 
should  be  considered  kut  it  is  along,  slow  process. 

Kr.  Rosenthal  thanked  the  Navy  for  this  contribution  and  nonmanted 
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that  the  Air  Force  has  had  internal  disputes  with  the  Atlantic  Missile 
Rangs  i«hich  resulted  in  mutual  agreement.  The  AMR  requiresMnt  has  been 
accepted  and  has  actually  been  extended  because  of  more  severe  requirements 
elsewhere.  It  is  hoped  that  once  the  Air  Force  has  its  own  house  straight 
that  coordination  will  be  possible  with  the  Arsgr,  Navy  and  NASA.  The 
present  document  imist  not  include  too  many  hard  and  fast  mandatory  criteria 
because  each  weiq)ons  qrstMi  has  its  own  individual  problems.  Its  nature 
should  bet  here's  advice,  here  are  some  mandatory  things,  here's,  a  standard 
set  of  tests  and  so  forth.  Within  a  year  we  hope  to  have  this  document . 

Mr.  King  ccenented  that  he  has  been  conMcted  with  the  work  since 
1946  and  that  hie  organisation  (NASA,  Cocoa  Beach)  feels  that  the 
Franklin  Institute  is  doing  what  probably  is  the  best  work  in  this  field. 

He  coBBWttted  further  that  he  and  probably  others  are  bothered  by 
the  fact  that  every  two  or  Uiree  years  a  fresh  wave  of  experts  cosm  in  and 
shout  their  answers  on  the  same  old  bulwarks.  Then  wo  regroup  and  assemble 
our  forces  and  go  back  to  what  we  have  eontemplatodt  good  clean  circuitry, 
shielding,  groundii^,  bonding  and  so  forth.  We  did  this  in  Army  circuit 
designs  back  in  1946.  We  seem  at  beating  ourselves  to  death  without  shewing 
any  gain.  Mr.  King  asked  if  ttMre  are  any  break-throughs  or  new  scientific 
approachss  that  will  eliminate  problems  other  than  good  circuit  design 
techniques,  shielding  and  wave  traps.  Hs  asked  if  thsre  wore  any  new  hopes 
on  the  horison. 

lb*.  Rosenthal  admitted  that  this  kiM  of  work  can  be  frustrating. 

He  explained  that  the  Job  of  moving  from  research  and  development  to 
production  is  painfully  slw.  Scmetlmes  frustration  creates  anger  and 
angry  peoele  somstlms  accomplish  results.  As  in  warfare,  some  good  comes 
from  the  resillts  of  heated  disoussion.  Red  tape  and  empire  buildii^  that 
are  charaoteristic  of  a  democracy  also  tend  to  slew  progress. 

A  man  from  Tbtrlok  Air  Force  Base  onmaintid  on  the  AFNTC  policy 
saying  that  he  had  oontacted  a  well-known  ordnanee  manufaeturor  who 
cemmanted  that  there  is  no  need  to  worry  about  amperage  or  wattage  mly 
keep  the  temperature  of  the  mix  below  140*F  and  there  will  be  no  prelaw. 

He  eommsnted  further  that  astronaut  Cooper's  Keroury  o^wule  reached  160*F 
inside.  If  the  ei^neer  supplying  this  Informatlem  built  all  the  items 
for  this  capsule,  Co^er  would  not  be  with  us  today. 
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A  mtn  coEBwnted  that  AHR  expscts  complata  compliance  to  aoveral 
directives  Including  one-an?,  one-watt  or  alternatives.  He  questioned 
whether  argr  agencies  existed  that  have  procedures  which  can  be  used  and 
>Alch  AMR  will  accept  by  the  eoe^lete  RF  enviroiaiental  testing  route. 

Mr.  Rosenthal  answered  that  a  procedure  exists  now  for  the 
Minuteman  Missile  that  has  been  submitted  to  the  Cape.  We  are  trying  to 
get  the  scented  method  published  for  industry.  AMR  tnnts  the  validatlMi) 
program  submitted  and  approved  before  any  money  is  spwot.  The  program 
we  have  on  Titan  ZI  and  the  Minuteman  are  basically  similar.  Zt  is  a 
Franklin  Znatltate  program,  idiich  AMR  has  reviewed  and  accepted  as  a  valid 
test  pr^raa.  The  first  results  need  to  be  looked  at  however,  not  «Jly 
analysing  the  EED,  but  the  complete  circuit.  The  TitM  ZZ  test  ftrogram 
should  be  coveted  by  October.  We  are  tryii*  to  get  the  Fraidclin  Institute 
to  analyse  circuits  and  presmt  data.  These  analyees  will  include  a 
connector  type  BED  and  one  with  pigtails. 

Mr.  Waintraub  of  AVCO  ceamwnted  that  everything  we  now  send 
into  space  nust  be  sterilised  at  13$*C.  This  smut  be  survived  before 
the  device  get  off  the  ground.  This  rwpdrsaisiit  will  (wnibably  outstrip 
edsting  selenoe  and  may  requirs  sonsthing  new  in  the  place  of  existiiy, 
old-fashioned  ESD's. 

Nr.  Teres  of  General  Electric  eomnsnted  that  the  one-watt,  rmo-am 
requirement  by  Inference  speoinas  a  one  ohm  bridge.  He  has  been  using  a 
device  m  Titan  with  a  resistance  of  0.2  etm.  He  aslnd  if  tim  five-fold 
increase  in  bridge  resistance  would  not  increase  the  hasard. 

Nr.  Rosenthal  answered  that  there  is  a  study  fay  Lt.  Col.  R.  B.  Moody 
(paper  no.  54)  that  indioates  only  a  device  with  an  iapadMoe  of  sero  or 
ir.finity  would  offer  complete  protection  in  an  antenna  circuit.  As  a 
gensral  rule  inereasing  the  resistanoe  may  maka  ths  EED  Impedance  closer  in 
value  to  that  of  the  source  (antenna}  isvedanoe  Md  therefore  wke  the 
system  mors  HF  susoeptible. 

Mp.  Warren  of  Douglas  Aircraft  asked  if  any  problems  had  arlsea 
from  tr  radiation  from  nuelear  hursts.  Mr.  Rosenthal  emmsMited  that  this 
tpHistion  was  not  of  the  soope  and  seeurity  claa^fiMtion  of  this  meeting. 
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39.  DIS'mBUnON  OF  RF  FIELDS 
OK  CARRIER  DECKS 

by  E.  H.  Soitb 

E.  E.  Snlth  »nd  Conpany,  Ine. 

It  is  the  intention  of  thit  paper  to  give  only  the  briafaat  avimanr 
of  the  theoretical  work  from  vhieh  rf  fielda  on  the  deck  of  an  aircraft 
carrier  are  conputed,  reaerving  fur  the  ^^ndix  tha  detailed  aatheaatieal 
derivation  of  the  solution.  Here,  ve  ahall  be  aoro  cancemed  with  hew 
accurately  the  theory  predicts  the  actual  carrier  deck  fields. 

The  irtilp  and  nonopole  antennas  on  an  aircraft  carrier  are  located 
at  the  edge  of  ths  catwalk  which  runs  along  the  flight  deok  of  the 
carrier.  Thus,  va  renark  that  the  chief  disturbing  influence  on  the 
antenna  fields  is  the  deck  edge  itself  and  that  this  edge  behaves  acre 
nearly  like  ths  edge  of  a  half-plane  than  any  other  sisvle  geonetrical 
shape.  Cnoseviently,  we  ahall  be  Interested  initially  in  the  field  of 
an  electric  dipole  as  aodifled  by  the  presence  of  a  perfactly-oonductleg, 
senl-lnfinite  plane. 

The  prebloai  can  best  be  foraulated  using  a  cylindrical  coordinate 
systssi,  with  ths  B-axie  taken  to  lie  along  the  edge  of  the  half-plane. 

The  dipole  antenna  shall  be  located  at  a  point  P  with  coordinates 
0^,  00  in  a  polar  coordinate  systssi  in  the  s  •  o  plane,  as  shown  in 

Figure  1  below.  The  psr^tly  cooduoting  half-plane  is  taken  to  ooinetdo 
with  the  sesd-lnfinite  surface  defined  by  the  eguetion  x'  ^  0. 


Figure  li  The  s  ■  o  plana 


39-1 


V«  shall  wish  to  dstsralne  the  electric  atid  nagaetlc  ile''d8  at  a 
point  1<  space  having  coordinates  p',  0',  z.  I^^ote  that  point  P  is  the 
projection  of  this  point  onto  the  t  >  o  plane. 

Two  series  expressions,  from  which  one  can  obttCin  the  vector  potential 
of  the  total  field,  are  given  helow.  The  notation  used  in  these 
expressicxis  is  staadsrdlsed  in  ths  literature,  and  since  the  terns 
are  all  well  defined  in  the  appendix  the  definitions  will  not  he  repeated 


These  scries  solutions  contain  the  eonplote  set  of  eigen  functions  for 

the  difftraetloB  prhblen.  It  should  be  noted  that  one  foms  a  solution  to 

the  problsa  of  a  dipole  orlsntsd  horlsontally  above  the  eaad>infinlte 

plane  (Siriehlet  problsa)  by  taking  the  linear  eoablnation  m  the 

expression  for  the  Herts  vsetor  potential;  while  a  solution  to  the  problsa 

of  a  dipolo  oriented  vertically  above  the  horlsootal  saal-iafialte  plana 

(Hsuaann  Problsa)  is  obtained  by  taking  the  linear  codbiaatioo 

SI  the  expression  for  the  Herts  vector  potential. 

It  can  be  shown  that  these  series  expressions  are  identical  with  the 

diffraction  integrals  first  given  by  Carslaw  and  later  slsvllflad  by 

Ike  Donald,  which  in  turn  have  been  shown  to  satisfy  the  wave  equation. 

The  series  aiqhressloo  t'  ean  be  shown  to  poetess  no  sin^ilarlties  anywhere, 

,  .ikR 

while  the  series  e:9rettion  «'  i^prosohes  1—  the  distenee  froa  the 

^  R 
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point  of  observation  to  the  dipole  (R)  decreases  to  sero.  In  addition, 
by  \i8ing  the  diffraction  integrals,  it  can  be  shown  that  various 
llnltiDg  cases  such  as  the  plana  wave  cxeltatlon  of  a  half -plane  fall 
of  these  solutions,  nteae  facts  should  be  aavle  to  daawnstrate 
'’’dlty  of  the  solutions  Obtained. 

JOr  t'.  .  'lal  ease  of  the  dipole  oriented  along  the  x'*axts 
where  ■  0  -  i.t-..  'he  dipole  assusea  the  position  taken  by 

the  horizontal  whip  anternb  h  the  electric  and  z»gnetic  fields 
along  the  deck  have  the  vary  sisiplo  font; 


This  result  is  very  pleasing  froa  both  a  theoretioal  and  a  eo^^tatlooal 
Btaad^^nt. 

Ibr  other  orientations  and  locations  of  the  dipole,  the  aeries 


expressions,  1r'  and  ,  are  usefbl  for  near  field  eoapwtations  since 
one  nay  awroidjnate  to  which  is  coataiaad  in  the  integrand 

of  expressions  and  t*,  bgr  the  first  teni  in  its  Bassel  fhnctioa  series. 


i  .a . , 


Jv(t|)0 


.(5«V 

rl^ 


and  this  approxlaatlon  is  used  for  p'  <  p^.  Vhen  p'  >  p^,  the  opposite 
approtdaatlon  is  used,  i.e.. 


In  either  cese,  the  Indiented  integration  ean  ha  earriad  out  uaing 
an  integral  given  in  Mateon's  "Beeeel  Pbnetlene".  One  of  theae 
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approximations  or  the  other  will  always  he  available  so  long  as  either 
o'  or  Oq  is  small  compared  to  the  wavelength. 

Once  our  expression  for  the  elenentry  dipole  field  It  obtained 
the  fields  produced  by  a  whip  or  nonopole  antenna  can  be  found  by 
Integrating  over  the  effective  length  of  the  antenna,  using  the 
appropriate  antenna  current  distribution  as  a  multiplier  of  the 
dipole  fields  In  the  Integrand. 

Calculations  were  carried  out  for  an  antenna  in  a  vertical  poaition 
at  the  deck  edge.  The  antenna  was  operating  in  a  quertw  wave  length 
node  of  excitation  at  about  3  Me.  Calculations  were  made  for  one  watt 
output  frcn  the  transmitter  with  an  aasuoMd  radiation  effleieney  of  30](. 
Results  are  shown  in  Figure  2. 

One  should  note  that  the  calculated  field  is  of  the  order  of  0.10 
volts /mater  near  the  far  edge  of  the  deck.  The  effect  of  reflection 
from  the  far  edge  has  not  been  put  in,  but  this  affect  is  not  large  in 
this  ease  except  for  distances  a  few  feet  free  the  edge.  The  field 
fall'Off  in  the  theoretical  calculation  along  the  near  edge  is  rather 
n^id  and,  as  we  shall  see  later,  the  measured  fields  at  the  near  edge 
fall  off  more  slowly.  There  is  sosw  evidence  that  the  aircraft  carrier 
catapult  slots  affect  the  fields  althou^,  theoretically,  one  would  not 
expect  this  effect  to  be  large.  The  cati^^t  slots  are  loeated  between 
the  centerline  and  port  side  of  the  ship  aiid,  starting  nsar  the  base  of 
the  nonopole  antenna,  run  forward  parallel  to  the  landing  area.  Zt 
appears  that,  perhaps,  the  catwalk  nay  be  the  major  geosietrleal  feature 
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whir;h  has  beer,  left  out  of  the  calculation.  It  is  planned  to  £idd  a 
first  order  correction  for  the  effect  of  the  catwalk  in  a  crude  way 
□y  cstimatine  the  normal  component  of  H  at  deck  level  over  the  catwalk 
r'rom  potential  theory,  deriving  tangential  E  over  the  catwalk,  and  then 
obtaining  the  first  order  perturbation  to  the  normal  electric  field  on 
the  deck  due  to  presence  of  the  catwalk.  This  correction  will  not  be 
entirely  satisfactory  but  it  will,  at  least,  show  whether  oiir  surmise 
as  to  the  effect  of  the  catwalk  is  correct. 

It  night  be  added  that  the  effect  of  the  far  edges  of  the  deck  can 
be  estimated  rather  accurately  by  the  same  method  used  to  calculate 
the  effect  of  the  near  edge.  This  correction  for  the  far  edge  will  be 
important  for  the  whip  antennas  located  on  the  narrow  deck  section 
near  the  bow. 

In  Figure  3.  we  have  the  measured  fields.  The  comparison  between 
e:;porlmental  and  calculated  values  .  .  good  as  we  go  across  the  deck  from 
the  antenna,  the  field  falling  to  0.10  volts/roeter  at  about  the  same 
place  as  in  the  theoretical  calculr...lons .  As  mentioned  before,  the 
comparison  is  not  so  good  in  the  field  behavior  close  to  the  near  edge 
of  the  deck.  The  inclusion  of  an  appro;?!  mat  ion  for  the  effect  of  the 
catwalk  irtll,  perhaps,  improve  the  result.  Reflection  of  the  field 
from  corners  in  the  deck  outline  can  also  be  considered  and  taken  into 
account  to  a  fin.^t  approximation. 

In  addition,  we  note  that  the  large  aircraft  carrier  at  sea  cannot 
he  expected  to  i  rovide  an  environment  In  which  measurements  of  accuracy 
can  b-.  made,  •"'•.'o  interfere  with  necessary  shipboard  operations 


to  any  extent  and  further,  even  if  one  could,  the  large  distances  involved 
preclude  the  use  of  all  the  experiraented  checks  which  one  would  wish  to 
inake,  at  least  in  any  reasonable  length  of  time.  These  considerations 
are  the  consciiuence  of  the  essential  difference  between  operational 
conditions  and  small  scale  controlled  laboratory  conditions. 

Our  greatest  concern  in  making  these  calculations  was  to  get  a  good 
cotuparison  of  the  size  of  the  vertical  electric  field  for  a  vertical 
antenna  as  against  the  size  of  the  sane  field  for  the  sane  antenna  in  a 
horizontal  outboard  poaition.  As  you  know,  ve  can  use  antennas  in  the 
vertical  position  only  for  ground  plane  neasurenents  whereas  the 
horizontal  antenna  position  is  the  positlra  nomally  used  when  the 
fleet  is  underwaj'. 

In  Figure  k  ve  show  the  conputed  noraal  electric  field  for  the  sane 
antenna  in  the  horizontal  outboard  position  under  the  sane  condition  of 
radiated  power.  In  general,  the  calculated  field  strengths  are  lower 
by  about  a  factor  of  tventy.  Further,  vltlMut  going  into  details,  it 
seens  reasonable  that  tbs  effect  of  the  catwalk  will  be  szmII  in  this 
new  field  configuration.  Ve  hope  at  a  later  tine  to  have  a  scaled 
laboratory  deck  plane  on  which  the  fields  of  horizontal  and  vertical 
antenna  configurations  can  be  measured.  This  will  provide  a  useful 
experimental  check.  For  the  present,  however,  it  spears  that  one 
can  say  with  considerable  confidence  that  the  horlsontal  configuration 
does  indeed  give  lower  fields  by  about  a  factor  of  tventy  over  sKwt  of 
the  deck. 
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Before  closing,  X  vd.8h  to  again  call  attention  to  Figure  2  which 
shows  the  calculations  for  the  vertieeiL  antenna.  Across  the  deck, 
where  the  field  for  the  horizontal  antenna  was  about  0.005  voltqtieter, 
we  note  that  the  field  of  the  vertical  antenna  is  about  0.10  volts/neter . 

Very  close  to  the  antenna,  the  differences  are  not  so  pronounced.  For 
most  of  the  deck  area,  however,  we  would  expect  the  field  of  the 
horizontal  antenna  to  be  much  lower,  and  this  would  include  the 
region  of  the  catapult. 

We  are  aware  that  the  calculations  do  not,  ai^  cannot,  include  all 
of  the  small  irregularities  which  are  actually  present  on  board  ship. 

Any  cenparison  between  measured  and  calculated  results  is,  of  course, 
qpite  sensitive  to  how  eloae  the  measurement  was  taken  to  the  deck  edge 
or  to  any  other  small  irregularity  such  as  the  catapult  slots,  stanchions, 
or  to  other  inert  antennas.  We  were  looting  for  an  average  comparison 
of  field  strengths  under  the  two  conditions,  with  the  feeling  that 
corrections  for  some  of  the  local  obstaelea  and  irregularities  could 
be  made  if  such  improvaments  in  the  calculations  seemed  useful. 

Finally,  for  those  who  are  interested  in  the  mathematics  of  the  situation, 
a  few  remarks  about  the  mathematical  differences  between  the  calculations 
for  the  vertical  Kitenna  and  the  horizontal  antenna  are  of  interest.  In 
the  case  of  the  vertical  antenna,  the  total  field  on  the  deck  is  first 
made  up  of  l/2  the  field  of  the  antenna  and  its  iaage  as  these  would 
appear  for  an  infinite  plane.  The  rest  of  the  field  arises  due  to  the 
fact  that  the  plane  is  not  infinite  and  the  antenna  is  at  the  edge  of  a 
sonl'infinito  plane.  In  the  ease  of  the  horiaontal  antenna,  howevw, 
tbs  antenna  field  end  its  image  field,  as  viewed  for  an  infinite  plane, 
aaaetly  cancel,  end  we  are  left  with  the  odd  terms  in  the  series  expression 
only.  This  difference  is,  perhaps,  the  major  theoretical  difference 
between  the  two  coses. 
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DISTRIBUTION  OF  RF  FIELDS 
OVER  A  CARRIER  l^CE 

by  E.H.  Saith 

E<H.  Smith  and  Company,  Inc. 

The  whip  and  monopole  antennas  on  an  aircraft  carrier  are  located  at  the 
edge  of  the  catwalk.  The  general  geometry  of  the  deck  edge  resemblee  the  edge 
of  a  semi-infinite  plane  more  than  it  does  any  other  simple  geometry.  Thus,  we 
shall  be  interested  in  the  fields  of  antennas  as  modified  by  the  deck  edge 
which  we  shall  treat,  for  the  first  approximation,  as  the  edge  of  a  thin  plana. 

In  the  discussion  to  follow,  we  shall  connect  a  sariaa  expression  for  the 
field  with  some  diffraction  integrals  first  obtained  by  NaCDonald  (Ref.  l)  by 
reduction  of  soma  infinite  integrals  due  to  Caralaw  (Ref.  2).  Ve  shall  thwa  pre¬ 
sent  calculations  for  the  monopola  antenna  in  the  horizontal  outboard  poaition. 

The  paper  would  be  much  too  long  if  we  included  calculations  for  vertical 
antennas.  Hence,  we  limit  the  preaantation  here  to  the  horizontal  oaae  together 
with  a  few  remarks  on  use  of  the  aeriaa  solutions  to  calculate  vertical  antenna 
fields. 
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PART  I 


THE  HELD  OP  A  DlPOIi  ABOVE 
A  SaC-IHPIBITE  PLAHE 


We  wish  to  look  at  the  problen  of  an  electric  dipole  above  a  seiai-infinite 
plane  of  infinite  conductivity. 

The  coordinate  systea  choaan  for  the  probleo  is  ahown  below. 

Figure  1. 


Jt' 

The  edge  of  the  eeBl-lnflnite  plane  is  put  at  x'  ■  y'  •>  0  and  it  lies  along 
the  s-azl8i  which  Is  positive  noraal  to  the  paper.  The  dipole  is  located  at 
point  P  with  coordinates  in  s  jiolar  aystes  in  the  a  ■  0  plane,  p'* 

form  another  polar  system  in  the  same  plana.  Ve  wish  to  express  the  dipole  Berts 
vector  in  terms  of  the  p'l  z)  coordinate  system.  The  dipole  may  be  ob¬ 

tained  either  normal  to  the  plane  or  parallel  to  the  plane. 

Now,  If  is  a  unit  vector  along  the  dipole  direction,  the  Herts  vector 
of  the  dipole  field  la 

where 


1  K  the  current  amplitude 
di  s  the  dipole  length 
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R  =  the  distance  frcni  the  dipole 
CO  =  an^lar  frequency 

£  =  dielectric  constant  for  free  space  in  the  MKS 
*  system. 


The  electric  field  is  given  by 


and  the  magnetic  field  by 


H  *  -Xttf  7«  5 


4  «  Ui 

e 


First,  we  take  the  scalar  quantity  and  express  it  in  the  ^',s) 

system.  Watson*  (Ref.  3)  gives  the  integral 

1  r  £  '  .  „  £  # 


The  value  of  /t^  -  y^  is  defined  so  that  -  y^  >  0  for  t  >y  and  the  sign  of 
the  exponential  on  the  rlfd^t  is  detenained  by  whether  the  oontour  passes  above  or 
below  the  branch  point  at  t  >  y.  Thus,  the  positive  sign  is  chosen  in  the  expression 
on  the  rl^t  if  the  contour  looks  as  follows  i 


Figure  2. 


Thus,  in  our  case  we  set 


*  This  Integral  was  used  by  SooMrfeld  in  a  discussion  of  propagation  of  waves 
over  ths  earth.  This  work  is  sunaarised  in  Ref. 4 . 
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with  the  contour  chosen  as  shown  above.  Now,  setting 


and  using  the  addition  formula  for  Bessel  functions,  we  have 

where 

€  =  l,m  =  0;  f  =2  otherwise. 

m  m 

Thus,  in  the  z)  system. 

Now,  if  wt  set 

we  would  guess  that  the  expressions 

would  be  solutions  to  the  problea.  The  coabinstion  in  (9)  with  the  positive  sign 
would  satisfy  boundaiy  conditions  for  a  dipole  oriented  noraal  to  the  plane  and 
the  coobination  with  the  negative  sign  would  be  '.orreet  for  a  dipole  in  one  of 
the  two  horizontal  orientations.  litrther,  we  note  that  when  a  ie  even  in  (d),  we 
get  back  our  origlsial  field  and  when  m  ie  even  in  (9),  wo  get  the  original  field 
plus  the  reflected  field.  One  would  think,  then,  thct  (9)  would  be  the  cclutior 
to  the  problea.  This  conclusion  turns  out  to  be  correct,  except  for  a  aultlplylng 
fsctor  of  one>half.  The  result  is  not,  however,  nearly  as  obvious  as  it  seeas  at 
this  point.  The  crux  of  the  natter  is  iriMther  the  teraa  for  odd  a  in  (9)  result 
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in  a  field  »ihioh  is  free  of  singularities,  particularly  at  the  dipole  position. 
Thus,  we  proceed  by  looking  at  the  terms,  m-odd,  in  (9).  We  set 


‘1^ 


M  (10) 


Ve  shall  need  several  expressions,  mostly  taken  from  Watson  (1915).  Thus,  we  shall 


(Watson,  page  416*) 


*Na/  j 

/rF  i 

(Watson,  page  367) 


(11b) 


is  the  Oegenbauer  polynomial  or,  in  this  ease,  the  Legendre  polynomial 
Prom  the  definition  of  the  Oegenbauer  functions 

J /•  **/...  >  t  /  ,  (lie) 


em9>ee»/9 

This  sum  is  positive  for  I*/**'  t  fiaa^^ees^  >  it  is  slways  sero  fore*e#<r»^t 
txti.  negstlve  tor  ir*0*SJf  , 

If  wc  cet  (lib)  in  (lO)  and  use  (lie),  and  carry  out  the  integration  over  the 
infinite  range  using  (ils),  then  we  find 


*  There  la  a  misprint  in  Mtaon's  book  in  this  fbrsula. 
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for  .  Th«  result  hss  a  negstive  sigo  when  .  Further, 

4,(f-%*aiV)  ^  h“  P*t^od  AW. 


How,  pat 

when  is  the  distance  froa  the  source  dipole.  Ve  cm  now  substitute 
M.  •  ostf*^C}-cet/S  throughout  (12)  and  obtain 

f  I  if*.  (13) 

^  *  t  fs: 

where  the  e  sign  holds  tovWi^^fftW  and  the  -  for  WS^f^tttW  . 

If  now  we  put  V-  i^V*  ,  we  obtain 

t  «  f  (14) 


and  wt  find  that  the  sigi  ohangs  indicated  in  (14)  is 
the  absolute  value  notation  freo  tbs  “f?)  .  Thus, 


taken  oars  of  if  we  reanve  the  absolute  value  notation  freo  the  “fi*)  .  Ihu 
finally, 

i 

with  It/m  o  \l9  Qottt  i^iln  thftt 

i.e.,  ^  has  period  4V. 

•ext,  MW  should  exaoine  the  behavior  of  nesr  R^  ■  0.  Tb  do  this,  we 


?9-U 


•  Jl*v^ 


Near  R  k  0, 


«  80  that 

— 1.^ 

H, 


yurther« 


So, 


.^')K 


If— f 


e 


In  the  Integral,  we  put 


then 


!L  f. 

■*•  J 

if* 


-«■  t/Tev' 


Xw  f  f  «.%  Wm 

*, -••i.  _ »ZKRr  J.  -*• 

^  ^  .Mut.  '* 

Ihue,  ^  approaches  fc-."  ■"•  pltw  a  function  which  te  bounded  at  ■  0.  Ihua, 

/)!;  does  have  a  singularity  M  R^'— >  0  and  bnoe  (9)  as  It  stands  cannot  be 

correct. 

The  corresponding  function  fbr  is 


».'•[*', <^1 


(16) 


with 


To  fom  a  solution  which  fits  all  boundary  oonditionB  and  has  the  proper  singu- 
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larities  and  the  proper  boundary  conditions  at  infinity,  we  take  combinations  of 


the  two  functions 


By  reasoning  identical  to  that  just  applied  to  yf/i,  > 


plus  bounded  function  as  - >0.  The  negative  sign  appears  since  V2’<0  at 

iV-  %  .  Thus,  ^  does  not  have  a  singularity  at  Rj  =  0,  or,  in  fact, 
anywheres  and  has  the  proper  singularity  as  R^^— >0,  i«e., 
plus  a  bounded  function  as  R,  — »>0.  has  no  other  singulaiitiec.  Rui  lher, 

satisfied  Neumann  conditions  (l^  V  a  oj  on  the  i>.ndueting 
half  plana  ar.d^-'Tjf*  satisfies  Biriehlet  conditions  on  the  con¬ 

ducting  plane.  In  other  words,  the  solution  to  the  diffraction  problem  ia  given 
by  (9)  except  for  a  factor  of  one-half. 

One  should  note  further  that 


^1. 


If-**’' 


7 


<1 


(17a) 

(17b) 

(17c) 

(I7d) 


The  asymptotic  expressions  for  asid  follow  1  Mediately  from  (1$)  and 
(16).  Thus,  starting  with  (15),  -^0  as  R^— *••.  The  first  tens  in  the 
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asymptotic  expansion  is  then 

o2S«  *•» (18) 

where  we  have  used  the  first  term  in  the  asymptotic  expression  for  and  have 

set  H  Atm,B  (  *  =  angle  with  z-axis  in  spherical  coordinates).  Thus, 


i. 


Cotf  f 


j.^ 


r-)^K7» 


V-V-® 


P^~(4*3 


(dipole  fields  cancel) 


“*a 


Further)  If  w«  set  U  >  *•  note  that 

ifl... 


I}:: 

reduces  to  the  staple  expression 


*  *  (21 

This  Boans  that)  on  th*  crv'diietlng  platSf  Uw  electric  and  aagnetic  fields  of  a 
dipole  oriented  as  Aown  helow  reduce  to  a  staple  fora. 


Figure  3. 


conducting  plate 


- ♦S' 
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The  result  (2l)  can  also  be  verified  directly  from  the  series  solution  (9). 


As  one  further  check  on  the  theory,  we  can  examine  the  behavior  of as 
^ — »»•.  This  should  give  us  the  diffraction  integral  for  a  plane  wave. 

Usinff  we  cfun  write 

*  ,C7— — n 

(22) 


I  I 

where  f-f.  is  restricted,  for  the  present,  to  values  0<<p  -^<W  •  Now, 

'  »>TAJ  ,i55;r-3:  ^ 


But, 


YifiZ  ® 


asymptotically  as^ — Thus, 


If  ve  set  Jr9i^!tt.»  this  reduces  to 


Since 


i 


This  last  equation  can  be  written  as 


*  In  taking  the  limit,  we  retain  all  terms  which  affect  the  ^se  of  the  incident 
wave.  These  terms  may  be  neglected  in  any  multiplying  factors  which  appear. 
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(24) 


t^‘  61 


Vlf 

Again  the  restriction  of  to  the  interval  0<y-j4*>r  may  be  relaxed. 

Equation  (23)  is  the  usual  form  of  the  plane  wave  diffraction  integral.  The  corres¬ 
ponding  equation  for  is  to  be  added  to  or  oubtrnctf^  from  (24)  depending 

on  whether  H  or  E  is  tangent  to  the  conducting  plane.  The  phase  term  t  is, 

of  course,  meaningless  in  the  limit  — ♦  ••  .  One  can  drop  this  term  which  would 

be  a  constant  for  any  fixed,  large  .  The  resulting  expression  is  identical  to 

the  result  of  Sommerfeld. 

Finally,  if  one  takes  equation  (l2)  and  integrates  over  z,  the  result  for  a 
cylindrical  source  of  Infinite  extent  will  be  obtained.  In  this  way,  one  finds 


for  the  cylindrical  eouros 


! 


€ - _  Wv- 


wiien?  now 


V'/e-if* 

A  similar  result  is  obtained  for  <1^  .  Vc 

also  note  that 


(25) 


-i 


W, 


//♦If* 


dm*  ■  A/, 


(26) 


Thue,  the  complete  solution  for  the  cylindrical  source  is 


^  1 

r--j 

:*} 


(27) 


(26) 
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Here,  of  course, 

R.  =1^*  (/-f.) 


APPENDIX  A  TO  PART  I 


Particular  forms  of  the  following  integrals  have  been  used. 


w'’ 


r 


for 


VRien 


on  the  rls^t  hand  side,  l.e., 


If  one  sets  j/  ■  l/Z,  ^  =  -\/z  In  (iP),  then 


(Al) 


1  t*^**dit  -  M ,  (iu)  (A2) 

>=  1  and  yCt  =  "l/S,  this  latter  formula  gives 
(•>  r— 


(13) 


(AA) 
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PART  II 


THE  CALCUUTION  OP  ANTENIIA  HELDS 


We  wish  now  to  write  down  the  seriee  expressions  for  the  dipole  fields 
corresponding  to  the  closed  form  results  given  by  ^  ,  Thus,  we  can  write 

Ibr  a  dipole  normal  to  the  deck,  the  gecnetry  is  as  shown  below. 


Figure  4 


dipole 


The  edge  of  the  deck  is  at  x*  >  y*  s  0  and  it  lies  along  the  sHucis,  which  is  poai- 
tive  nomal  to  the  paper.  The  dipole  is  located  at  s>0)  and  the  field 

is  expressed  at  P'  in  terms  of  f  \  s).  In  this  case,  tbs  solution  to  the 

diffraction  problem  is  ,  or  in  series  foxm. 

If  the  dipole  is  oriented  horisontal  to  the  deck,  then  •  or  in  series 

form 

In  the  case  of  the  whip  antenna  in  the  vertioal  position,  equation  (3l)  is, 
of  oourso,  used  with  •  this  puts  ti>e  orientation  of  the  dipole  along  the 
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y'  axis  as  shovm  in  the  figure  below. 

Figure  5* 

dipole 

- >x' 

Equation  (31)  gives  the  Hertz  vector  for  the  dipole  field  at  point  P  when  the 
dipole  itself  is  located  in  the  general  positionyS  ,  z  =  0.  The  deck 

edge  is  along  the  z-axia,  which  is  normal  to  the  paper  at  x'  =  y'  =  0.  If  , 
the  dipole  is  then  located  at  distance  ^  above  the  deck  edge  with  orientation 
in  the  positive  y'  direction. 

l^e  electric  and  magnetic  fields  due  to  the  dipole  are  given  by 


/I  (33) 

e  .  (34) 


If  we  now  write  tlie  components  of  in  the  (^  ,  ,  z)  system,  these  are,  of 

course,  (xj^'iL.^  ,  0)  respectively,  so  that 


H  ,  *  Xw  <  c«s  0'  .Ssl* 

“  a* 


/L<  »  9'  ^ 

"  •* 


t<) 


•  -Jm 


w  g  La  f*  *!^  iSL*  ] 

I  /•*  af*  J 


Similarly, 


E  .  iSLlc.  f 'i5L*lvJ.^f’£!iL'‘] 

9f-  ^  af»/ 


(35) 

(36) 

(37) 

(30) 
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I 


(39) 

^  pH' 

(40) 

fields  at  the  surface  of  the  deck  itself  are,  of  course, 

Thus,  for  the  case  (f  -  0,  the  fields  reduce  to 

mainly  of  in- 

H,  =-*0.6 

^  »*  Ip'.o 

(41) 

-1? 

II 

o 

(4?) 

H  .--^6 

(43) 

“0 

(44) 

For  the  ceae  of  equation  (32)  where  the  dipole  orientation  ia  parallel  to 
the  deck,  the  dipole  could  be  directed  eitJier  along  the  x'-direction  or  along  the 
z-direction.  Toe  former  orientation  ia,  of  courae,  the  one  of  intereat  for  thja 
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whip  antenna  or  the  monopole  antenna  in  the  horizontal  outboard  position.  Thus, 
with  the  dipole  oriented  along  x '-direction,  the  fields  are 


On  the  deck,  l.e.,  when  0,  these  fields  reduce  to 


(53) 

- ' 

^  Jf'eP 

(54) 

and  all  other  oonponente  are  aero. 


Ve  have  seen  earlier, 


reducee  to  the  very  staple 


(21),  that 
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w/W) 

m 

Thus,  for  a  dipole  oriented  along  x'  with  i.e.,  for  the  dipole  along  the 

position  of  the  horizontal  whip  antenna,  both  the  electric  and  magnetic  fields 
on  the  deck  have  the  very  simple  form 


where 


and 


f 

It  -  w/*W) 


(55) 

(56) 


The  dipole  is  located  at  distance  ^  from  the  deck  edge  as  shown  below. 


figure  6. 


dipole 


and  are  the  only  non-sero  field  eoaponents  on  the  deck  in  this  case. 

At  the  risk  of  being  repetitious  we  shall  derive  the  results  (55)  and  ($6) 
again  in  the  nest  section  ^  suMing  the  ^  derivative  of  the  seriee  espreesion 
(32)  for  the  case  0,  ((■IT. 

finally,  if  the  dipole  is  parallel  to  the  deck  but  oriented  along  the  posi¬ 
tive  s-direction,  the  fields  are  again  obtained  from  (32)  with ^*]|^*-^*f/**  •  i<*>> 
A) 

Victor  Ij^  if  flcnff  t. 
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One  has 


»  i- 

/>'  af 

(57) 

^ 

f 

(58) 

(59) 

^  a^'at 

(60) 

^  /®'  df9» 

(61) 

9t‘ 

(62) 

It  fleer  at  this  poJit  that  our  theoretical  calculetioriB  ceii  ha  jiresented 
rather  slopljr  for  the  horizontal  outboard  antenrjt,  One  has  the  result  erectly 
for  the  dipole  field  and  one  can,  In  principle  et  leaeti  integrate  over  the  an¬ 
tenna  current  dletrlbutlon  to  obtain  the  field  of  the  entire  antenna.  For  the 
vertical  antenna,  neither  the  closed  fow'  results  of  Part  I  nor  the  rerlec  ex- 
preoelon  (il)  present  an  lonediate  approech  to  numerical  celculatlcn.  Later,  we 
wleh  to  present  scae  epproxloate  nethode  and  to  diecuaa  a  poeelble  further  elrt- 
plificatlon  based  on  the  integral  expreseione  derived  In  Pert  I, 

In  the  next  part,  however,  we  will  conslt’er  the  celculation  of  a  horlaontal 
nonopole  antenna  field  excited  In  approxinately  a  1/4  wave  length  node.  The  cal¬ 
culation  will  involve  use  of  the  exact  reeult  for  the  dipole  field  plus  an 
approximate  integretion  over  the  entenna  cunvit.  Since  the  antenna  current  has 
e  loop  at  the  near  end,  *here  will  be  an  end  loading  term  equivalent  to  the  field 
of  e  point  charge  oscillating  einuaoldally  with  time. 
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PART  III 


EVALUATION  OF  FIELDS  OF  HORIZONTAL  ANTENNAS 


As  iscnticned  earlier,  at  the  expense  cf  repetition,  we  shall  derive  the  field 
normal  to  the  deck  for  a  horizontal  dipole,  located  outboard  of  the  deck,  directly 
from  the  series  expression  (32).  tte  georetry  of  the  situation  is  shown  in  Fig.  6 

I 

of  Part  II,  i.e.,  we  have  n .  to  evaluate  at  9  =  0,  SL*ir  .  Diffei-enti- 
ating  (32)  and  setting  f'=  0,  ,  one  obtains 


It  happens,  in  this  case,  that  the  infinite  sum  Involved  in  ^  can  be  evalu¬ 
ated.  Thus,  on  page  522,  Vatson  gives  the  result  due  to  Oegenbauer,  i.e,. 


m  a*^r(y)^ 0/*m)  f)  (64) 


where 

1  rlJses  ^ 

and  where  C  (t)  is  the  coefficient  of  ft**  in  the  expansion  of  (l-2«<t  ee(^) 
in  the  ascending  powers  of  o(  (the  's  are  Oegenbauer  functions).  One  sees 

B 

that  for  V"  1/2  and  t  •  -1  ( •  -  If  ),  C  ^  ■  (-1)".  Iliue,  from  (64)  OM  hBB 

9  B 

I  (65) 

In  obtaining  this  last  fonmla  we  have  aet  R  ■  r  ■  t^'  and  cob  -1, 
ao  that  a)  B  t(^  ^), 

The  reader  will  note  that  the  procedure  followed  here  la  basically  a  special 
case  of  the  procedure  involved  in  obtaining  the  results  of  Fart  1. 
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Now,  substituting  (65)  in  (63) 


i _ 

/i^ 


(66) 


This  last  integral  is,  however,  just  a  special  case  ul'  the  Integral  given  in  (ai) 
of  Appendix  A  to  Fart  I.  Thus,  referring  to  Appendix  A,  one  finds  iassediately 


(67) 

wi  th 

/?  ■ ♦«* 

is  an  outgoing  wave  on  the  deck  plane,  as  it  should  be.  This  reeult  is  the 
sane  as  the  result  obtained  earlier  in  Equation  (2l)  of  Part  1. 

Now,  although  <}f*  is  the  quantity  ef  interest  for  a  dipole  field,  wa  shall 
need  a  reasonable  appmxlaation  to  the  field  of  the  entire  antenna.  Taking  the 
fflonopule  antenna  in  the  horisontal  position,  the  current  dletributlon  is  approx- 
Inately  that  of  a  l/4  wava  antenna  at  a  frequency  of  3,305  nc,  Vo  wish  to  take 
Into  account  the  entire  antenna  to  a  reaaonable  approxiaatlon  together  with  the 
end  effect  due  to  the  current  aaxiauB  at  the  near  end. 

The  expression  (67)  is  correct  for  a  dipole  at  dietanoe  ^  outboard  of  the 
deck,  for  the  entire  antenna,  we  replace  ^  by  and  let  ^  range  fro*  to 
where  ~  ~  length  of  the  antenna  in  neters  and  ia  the  dis¬ 

tance  of  the  antenna  base  froa  the  deck. 

To  obtain  the  effect  of  the  near  end  loading,  let  the  current  at  the  near 
end  be  .  Then  the  charge  accuaulated  at  the  near  end  is 

^SL  or  fie  ^ 

^  -35^ 
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The  scalar  potential  of  this  charge  is  then 


(68) 


R,^  ^fl*ff^*-** 

To  obtain  tho  solution  which  fits  boundary  conditions  on  ths  plans,  it  is  clsar 
that  we  replace 


.jiia, 

rT 


by 


as  given  by  (32)  and  oonputs  ths  nomal  field  by  taking 

/•■  >r\^. 

Thus,  tho  normal  field  due  to  end  loading  is  (67) 


(69) 


This  term  would  appear  naturally  in  the  integration  of  the  current  over  the  lei^th 
of  the  antenna.  Ve  preaant  it  separmtaly  hara  ainoe  It  may  be  deelrable  at  some 

la  tar  Una  to  ohange  thia  end  loading  tens  if  data!  It  of  tho  input  circuit  re> 
^ulre  eueh  a  change. 

low,  the  actual  current  on  the  antenna  is  usually  approxlmatad  by  a  quarter 
fine  wave.  Ve  know,  however,  that  tha  current  decay  ia  more  rapid  than  a  aine 
fmction.  If  we  take  the  ciurrent  dletribuUon  to  be  **  *  fuRoUon 

which  decays  non  rapidly  than  the  tine  fuooUon  over  moot  of  the  aDtsiiBa  but 
which  does  not  lead  to  aero  current  at  the  far  and.  This  make  little  dlffoteRoe, 
however,  for  we  ^11  leave  out  the  far  end  loading  Induoad  by  our  ateumpUon 
and  we  shell  also  leave  out  the  near  end  loading  alneo  it  has  slrssdy  bssu  takan 
into  socouBt. 
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Thus,  returning  to  (6?)  we  multiply  Ajf  by  and  integrate  from 

to  being  careful  to  leave  both  end  loading  tenia  out.  ^  in  (67)  is,  of 
o<ourse,  replaced  by  ^  ,  We  shall  call  the  result  .  Thus, 


with 


We  now  note  that 


and  thus, 


(70) 


% 


(71) 


Since  the  phase  of  the  field  ia  oontained  in  the  Sankel  function  term,  it  ie  a 
sufficient  approximation  to  replace  by  where  ji  ie  some  average 

value  of  ^  to  be  selected  later,  the  final  result  will  not  be  critical  to  a 
reaocnablc  cc lection  of  ^  .  thus,  we  have  finally 

-jfc-  ^ 

<•** 


In  computing  the 
Referring  to  Xq.  (56) 


normal  field  on  the  deck,  we  muat  leave  out  the  end  effects, 
of  part  II,  the  normal  field  in  terms  of 
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(73) 


-  -Jt-  (75) 

The  total  normal  field  for  the  antenna  is  then  E  -f  E  . 

Aft  ns 

These  results  are  very  pleasing  from  a  theoretical  etandpolnt.  The  final 
formulas  are  in  closed  form  and  arc  very  nearly  exact  under  the  original  assump- 
tlonst  and  the  case  treated  la,  fortunately,  the  moet  important  case  for  the  ship¬ 
board  monopole  and  whip  antennae.  These  results  should,  therefore,  be  quite 
useful. 

Calculations  for  the  monopole  antenna  are  shown  in  Tlgure  7  for  the  case 

V  3.385  no 

JL  =  antenna  length  >  60'  >  18.3  meters 

>  distance  from  catwalk  to  antenna  near  end 
«  1.5  meters. 

The  calculations  are  nonulized  to  a  radiated  power  of  1  watt,  nius,  if  one 
writes  the  radiated  '^er  as 
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we  assume  a  1/4  wave  excitation  with  H  =  56.6  ohms.  This  gives  I  =  .255  amperes 

a  0 

for  the  maximum  antenna  current  (the  maximum  occurs  at  the  base  of  the  antenna) 
when  the  efficiency  is  lOOjJ.  If  the  transmitter  output  reads  1  watt,  and  if  the 

efficiency  is  50^..  the  current  at  the  base  would  then  be  .255//^  =  .165.  Thus, 

the  calculations  have  been  made  setting  =  .165. 

It  is  now  of  interest  to  see  with  what  accuracy  the  field  0^  the  horizontal 

antenna  can  be  represented  by  a  simple  dipole  field  alone.  To  do  this,  we  ret\'rr. 
to  the  expression  (6?)  for  ^  and  note  that  the  electric  field  normal  to  the  deck 
,  with 

(«) 

and 

is,  of  course,  to  be  multiplied  by  the  normalizing  factor 

For  a  quarter  wave  current  excitation,  we  replace 

A 

by  ^ 

As  before,  we  set  I  >  ,165  and,  aince  for  the  monopolc  the  antenna  length  is  a 
0 

little  leaa  than  1/4  wave  length,  we  have  'XJt  >  1,5  instead  of  1,57,  This  is  a 

minor  correction.  Thus,  differentiating  (76)  and  subatltutlng  the  value  of  the 
normalizing  factor,  we  have  for  the  field  normal  to  the  deck 


is  ±.(JL] 
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The  result  will  not  be  very  sensitive  to  the  selection  cf  ,  the  distance  of 
the  dipole  from  the  catwalk  edge,  hence  we  shall  set  this  value  at^  =  8  meters. 

We  can  now  compare  the  results  calculated  from  (77)  with  our  previous  results 
for  the  whole  antenna  as  given  by  E  +  E  ,  with  E  given  by  (75)  and  E  by 
(69).  This  comparison  will  be  made  at  selected  points  as  given  in  the  Table  below. 

Table  IIl(l) 


Comparison  of  Results  for  the  Simple 
Dipole  Field  with  Previous  Calculations 
fcr  the  Entire  Antenna 

Case  1.  yo'=  3  meters:  z  varied 

z  (meters)  (7'^))  ^na  *  \s  (75)and(69)) 


0 

j 

15 

25 


3.0 

2.3 

•93 

.39 


2.7 

1.7 
.69 
.39 


Case  2. 


=  0;  p' 


varied 


E^  (from  (77)) 


(from  (76)and(69)) 


6  .91  .75 

15  .15  .11 

30  .035  .026 

50  .012  .006 


Although  the  agreement  is  not  spectacular,  it  is  probably  adequate  enou^  for 


use  in  field  predictions.  In  other  words,  the  use  of  the  simple  dipole  field  (76) 
which  fits  boundary  conditions  for  the  edge  is  probably  sufficient  for  most  purposes. 
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The  Choice  at  H 


A  reasonable  choice  of  would  appear  to  be  to  set 

/■  4. - 

J 

This  yields  Pt 

where  =  jt*  and  Jl,  =  length  of  the  antenna.  For 
^  =  18.3  meters 
A  =1.5  meters 
JS  »  8.9  meters 

In  addition  to  ^  ,  one  needs  some  sort  of  an  efficiency  factor  for  the  antenna, 
i.e.,  the  ratio  of  power  radiated  to  power  input.  Or,  since  the  caloilations 
involve  the  near  field  mostly,  an  effective  efficiency  factor  can  be  obtained  by 
normalizing  the  calculated  field  to  the  measured  field  at  a  suitable  point. 

pigi.ro  7 

Coetour  Hap  of  th»  Coofvtod  Ooetrlc 
Pi«U  Vortml  to  tbo  Deck  for  e  Horltootal 
Outboard  /ottTUM 


lit  iKi*  Tranamittcr  O'Jtput  Mr'er 
ib  <  hoilat  1 ‘n  tfri 'ior.iy; 
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PARI  IV 


THE  VERTICAL  ANTENNA 


In  the  Interest  of  keeping  this  report  to  reasonable  length,  we  shall  not 
present  the  results  for  the  vertical  antenna  in  detail,  although  calculations  have 
been  siade.  We  shall  merely  remark  here  that  the  aerfae  for  the  Hertz  vector  for 
the  vertical  dipole  is 

f  r  , 


The  m-even  terms  of  this  aeries  give  one-half  the  field  due  to  a  dipole  ajid  its 
image  for  the  case  of  an  infinite  plane.  For  the  m-odd  terms,  we  can  calculate 
the  aeries  to  good  approximation  by  using  the  first  term  in  the  Bessel  function 
aeries  for 


i  .e . , 


for  the  casey<’*^'  .  tor  f»'  we  approximate  the 

wave.  In  either  case,  the  series  then  becomes  integrable  tern  by  tern  using  the 
integral  (ai)  of  Appendix  A  to  Part  I. 
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ORGAMIC  POLYMERS  AS  RF  AITEWJATING  MATERIALS 
by 

Howard  W.  Christie 
Bernard  F.  Jones 
James  J.  Downs 
Midwest  Research  Institute 
Kansas  City,  Missuuxi 

IKTOOnJCTIOW 

The  development  of  carbonyl  iron  solid  state  attenuators  has  pro¬ 
vided  adeq^uate  attenuation  at  frequencies  above  100  me.  As  there  appears  to 
be  little  possibility  of  increasing  the  low  frequency  attenuating  abilities  of 
these  materials  the  Investigation  of  other  classes  of  lossy  materials  becomes 
of  Importance  .i/  There  are  a  number  of  materials  that  can  be  considered  for 
use  in  attenuators,  among  these  art  organic  cca^pounds  ""d  organic  polymers 
that  show  high  dielectric  constants  and  appreciable  electrical  conductivity. 

The  program  currently  being  carried  out  at  Midwest  Research  Insti¬ 
tute  under  sponsorship  of  Picatinny  Arsenal*  is  aimed  at  the  development  of 
organic  pdlymers  that  will  have  the  characteristics  required  of  attenuating 
materials.  The  types  of  polymers  being  studied  are  not  of  the  kind  normally 
associated  with  the  electrically  Insulating  materials.  Organic  polymers  ere 
normally  excellent  Insulators  and  have  relatively  low,  2  to  6,  dielectric 
constants  and  low  dielectric  loss  factors  at  frequencies  in  the  low  megacycl., 

•Contract  Ho.  DA-23-072- DRD- 1761. 
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range.  Tlie  polymers  under  study  at  >®I  exhibit  electrical  and  dielectric 
properties  that  are  rather  unique  for  organic  materials.  These  polymers  have 
been  called,  perhaps  erroneously,  semiconductors.  The  term  has  arisen  from 
the  fact  that  many  of  these  conqwunds  and  polymers  show  conductivities  in  the 

range  normally  associated  with  the  inorganic  semiconductors,  that  is,  from 
g 

].00  to  10  ohm-cms  volume  resistivity,  and  possess  a  negative  temperature 
coefficient  of  resistivity,  that  is,  their  resistance  decreases  with  increas¬ 
ing  temperatures . 

The  program  at  MRI  is  concerned  with  preparation  of  a  series  of 
polymers  exhibiting  semiconductor  behavior,  the  determination  of  the  complex 
dielectric  and  magnetic  properties  { t*  and  M'*)  so  that  the  intrinsic  attenua¬ 
tion  factor,  a  ,  can  be  determined,  and  examination  of  the  paramagnetic 
properties  of  these  materials  by  electron  paramagnetic  resonance  techniques. 

BACKGRCTJMD 

In  the  past  five  years,  the  study  of  organic  semiconductors  has 
become  a  focal  point  of  considerable  interest  and  speculation  in  research. 

The  early  work  on  pyroly2ed  polymers  and  crystalline  condensed  benzenoid  com¬ 
pounds  such  as  anthracene  has  led  to  the  development  of  seme  highly  conductive 

2.1 

crystalline  organic  compounds  such  as  tetracyanoquinodimel.'.dne.-  This  work 
has  stimulated  work  on  the  electrical  behavior  oi  high  polymers. 

The  electrical  conductivity  of  semic^.nductirg  polymers  is  created  by 
f..-  ;-r»3er.ce  .)f  a  highly  conjugated  (alternate  single  ut.d  coible  bonds  between 
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carbon  and/or  nitrogen  bonds  of  the  polymer  backbone)  system  of  chemical 
bonds.  The  presence  of  a  highly  conjugated  bond  system  reduces  the  energy 
required  to  remove  an  electron  from  its  bond.  For  example,  in  polyethylene 
each  carbon-carbon  bond  is  formed  by  a  pair  of  electrons.  The  energy  required 
to  remove  these  electrons  is  very  high,  in  the  order  of  3  to  5  e.v.  If  one 
removes  every  other  hydrogen  to  form  a  series  of  conjugate  double  bonds  the 
binding  energy  holding  the  electrons  in  the  bond  is  reduced  as  the  length  of 
the  conjugate  bond  system  increases.  Linear  polyenes  prepared  by  the  dehydro¬ 
chlorination  of  polyvinyl  chloride  have  been  shovm  to  be  semiconductors  with 
rather  high  resistivities  and  activation  energies  in  the  0.7  e.v.  range.'^ 

The  d.c.  resistivity  of  the  organic  semiconductors  decreases  with 
increasing  temperatures  according  to  the  Arrhenius  equation 


Pb 


a 


p  >  Resistivity  at  temperature,  *K 
Pq  ■  Extrapolated  resistance  at  infinite  teeq^raturc 
k  >  Boltsman  Constant,  6.616  ev/*K 
AE  ■  Activation  energy,  e.v. 


The  activation  energy  can  be  detexmined  by  measuring  the  change  of  resistivity 
with  temperature  and  the  preparation  of  a  leg  resistivity-reciprocal  tempera¬ 
ture  plot  of  the  data  obtained.  The  slope  of  the  line  is  the  activation 
energy  and  the  intercept  of  the  line  with  the  y-axis  at  infinite  tetQ)erature 
(l/r  ■  0)  is  the  Pj,  . 
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In  addition  to  showing  some  degree  of  electrical  conductivity  con¬ 
jugated  polymers  exhibit  paramagnetic  properties.  That  is,  they  have 
susceptibilities  (x,  relative)  that  are  positive  but  small.  There  is  a 
direct  correlation  between  the  number  of  conjugate  double  bonds  and  the  degree 
of  paramagnetic  properties  e:diibited.  This  property  is  due  to  the  existence 
of  unpaired  electrons  in  the  polymers.  These  electrons  are  probably  of  both 
the  localized  type  found  in  free  radicals  and  those  created  by  conjugate 
systems  that  are  unlocallzed.  The  unlocalized  electrons  can  perhaps  be  best 
visualized  as  exist]  ig  in  a  cloud  surrounding  the  conjugate  system  (a  high 
degree  of  n  bonding).  These  unpaired  electrons  have  been  found  in  many  types 
of  conjugated  polymer  systems  in  concentrations  ranging  from  10^^  to  10®^  per 
gram  of  polymer.  The  presence  of  these  electrons  is  deteimined  by  electron 
paramagnetic  resor.ance  techniques.  In  addition  to  providing  information  about 
the  concentration  of  these  electrons,  electron  paramagnetic  resonance  (EFR) 
'techniques  can  be  used  to  determine  the  character  and  interactions  of  these 
electrons  with  the  polymer  under  certain  conditions. 

Although  a  considerable  amount  of  effort  toward  description  of  the 
behavior  of  organic  semiconductors  has  been  made  many  questions  remain  to  be 
answered.  The  theory  cf  semiconductivity  has  been  developed  to  a  very  useful 
state  for  inorganic  semiconductors,  but  the  basic  theoretical  relations  in 
organic  semiconductors  is  still  obscure.  The  nature  of  the  band  gap,  and  the 
mechanism  of  charge  transport  in  these  materials  is  largely  unexplained. 
Experimental  areas  such  as  doping,  dielectric  behavior,  and  carrier  injection 
remain  largely  unexplored. 
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APPROACH  TO  THE  PROBIEM 


Radio  frequency  attenuators  should  possess  very  high  attenuation  at 
high  frequencies  and  relatively  low  attenuation  for  low  frequencies  on  d.c. 
transmission.  In  principle  this  is  possible  because  the  power  absorbed  (P)  by 
an  attenuator  varies  directly  with  frequency,  according  no  the  relation 

P  -  hwe" 

where  h  and  ui  are  Planck's  constant  and  the  angular  frequency,  respec* 
tlvely  and  ("  is  the  dielectric  loss.-^  If  «"  can  be  held  constant,  an 
increase  of  90  db  attenuation  will  be  bbaerved  in  going  from  d.c.  to  1  ktfc. 

Organic  semiconductors  have  been  chosen  for  this  application  because 
they  show  low  charge  carrier  nobilities.^  If  carrier  mobilities  are  suffl* 
clently  low,  then  conductivity  and  attenuation  may  be  controlled  by  such 
processes  as  space>charge  polarisation^  and  orientation  polarisation^^  occur* 
ring  in  the  bulk  of  the  material.  These  processes  would  lead  to  an  Increase 
of  dielectric  loss  at  higher  frequencies,  with  a  consequent  increase  of  radio 
frequency  attenuation. 

Conductivity  in  organic  semiconductors  depends  on  four  factors; 

1.  Carrier  concentration; 

2.  Carrier  charge; 

3.  Carrier  mass;  and 

4.  Carrier  mobility. 
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It  is  difficult  to  assess  the  relative  value  of  these  factors  until  more  is 
known  about  the  charge  transport  process  in  organic  semiconductors.  Carrier 
concentration  is  expected  to  be  roughly  dependent  on  the  number  of  unpaired 
electrons  in  the  semiconductor.  This  is  so,  in  fact.  Carrier  charge  should 
be  relatively  constant  for  organic  semiconductors.  The  effective  mass  of 
positive  holes  may  vary,  but  that  for  electron  carriers  should  be  relatively 
constant.  We  feel  that  the  essential  problem  in  development  of  rf  attenuators 
using  organic  semiconductors  lies  in  alteration  of  carrier  mobilities  to  give 
a  maximal  dielectric  loss  at  the  frequencies  to  be  attenuated. 

The  approach  to  this  problem  has  been  very  empirict-j .  but  insofar 
as  possible,  our  physical  measurements  have  been  ujea  to  clarify  the  charge 
transport  process  as  veil  as  describe  bulk  attenuation  in  the 

organic  polymers  vhlch  have  been  studied. 

EXPEBIMEMTAl, 

The  following  discussion  is  broken  into  four  parts  followitg  the 
steps  used  iu  the  experimental  work  carried  out  during  this  program. 


I'oV.W'  Syntheses 

during  the  course  of  this  program  several  types  of  polymers  have  been 
iCed.  Only  four  these  will  be  discussed: 
i.  Xanthene  polymers-'^ 


P^'r-'liz'-'i  polyacTylonitfil 


7/ 
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3.  Polyaminoquinones^/ 

9/ 

4.  Metal  chelating  polymers  derived  frcoi  diisothiocyanates- 

The  xanthene  polymers  are  prepared  by  the  reaction  of  dianhydrides 
such  as  pyromellitie  dianhydride  and  diphenols •  The  condensation  reaction  is 
carried  out  in  the  presence  of  zinc  chloride  at  temperatures  of  2CC*  to  250*C. 
An  extremely  black,  infusible,  insoluble  polymer  is  obtained.  The  basic 
structure  is  shown  below.  The  hi^  degree  of  conjugation  is  evident. 

OH 


! 

Fyrolized  polyacrylonitrile  has  been  the  aiibject  of  several  Investl* 
gations  and  has  produced  seaiconductii^  materials  with  interesting  properties. 
Those  studied  during  this  program  were  prepared  by  two  methods.  Pyrolysis  of 
fibrous  samples  of  the  polymer  and  preparation  of  thin  Mims  of  the  polymer 
from  solution  in  dimethyl  foraamlde  and  subsequent  pyrolysis.  Ibe  polymer 
changes  fromas  colorless  material  to  an  extremely  black  material  on  exposure 
to  temperatures  in  the  200*  to  S50*C  range.  The  incorporation  of  smitll  quan« 
titles  of  copper  loc  into  the  polymer  prior  to  pyrolysis  was  found  to  increase 
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the  conductivity  of  the  black  polymer  and  also  produced  lowered  activation 
energy  of  conduction.  The  chemical  structure  proposed  for  the  pyroliied 
polymer  is  shown  below. 


I  !  I  1  • 

Pyrolized  Polyacrylonitrile 


A  large  number  of  polymers  were  prepared  by  the  reaction  of  tetra- 
chloroquinone  (chloranil)  and  various  aromatic  and  aliphatic  diamines.  These 
polymers  were  prepared  in  two  different  solvent  systems  st  reflux  (boiling) 
temperatures.  Ethanol  and  dimethyl  fonmalda  ware  used  as  reaction  solvents. 
The  reaction  scheme  Is  shown  below. 


Twenty-five  of  these  polymers  were  prepared  from  various  smlnas  es  shows  *  r. 
Table  Z.  The  polymers  precipitated  from  the  reaction  madia  during  the  ;r  .rsc 
of  reaction.  The  various  amines  used  were  chosen  to  produce  polyn>  r'  I 
vaiylng  degrees  of  conjugation  In  their  structure.  Ihe  color  of  the  polymers 
varied  from  extremely  black  to  light  brem  as  shewn  In  Table  Z.  Yields  varied 
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from  values  as  low  as  to  82^.  The  polymers  were  insoluble  in  the  normal 
laboratory  solvents  and  were  infusible  at  temperatures  below  their  decomposi¬ 
tion  temperatures.  A  brief  examination  of  the  thermal  stability  of  the 
polymers  derived  from  the  phenylenediamines  indicated  that  they  were  stable 
at  ten^eratures  up  to  240 *C.  Similar  stability  would  be  expected  of  the 
other  polymers.  It  should  be  pointed  out  that  the  thermal  stability  of  the 
highly  conjugated  polymers  in  inert  atmospheres  should  be  relatively  good. 

The  increase  in  resonance  observed  in  these  materials  should  add  to  their 
stability. 

The  fourth  class  of  polymers  under  consideration  are  somewhat  dif¬ 
ferent  than  those  discussed  above.  The  previous  polymers  were  prepared  by. 
condensation  o*  suitable  chemical  reactants  to  yield  a  polymeric  material 
containing  a  high  degree  of  conjugate  bonding.  The  last  class  of  materials 
under  study  are  metal  chelate  polymers,  that  is,  the  structure  of  the  polymer 
is  such  that  metallic  ions  can  be  incorporated  into  the  polymer  by  chemical 
bonding  after  the  polymer  has  been  prepared.  These  polymers  are  of  two  chemi¬ 
cal  classes  polythioureas  and  polythlosemicaibazldes.  The  reaction  of  an 
organic  dllsothlocyanate  and  a  diamine  yields  a  polythiourea  polymer  as  shown 
below. 


NHg 


NHp 


diisothiocyanate  diamine  A  polythiourea 
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The  reaction  of  a  dilsothioeyanate  and  an  N-substituted  diamine  such  as 
N,N-diaminopiperazine  yields  a  polythlosemicaibazide : 


s=c=»/\. 


•N»C=3  +  HgN-Ii 


l,4-dii30thiocyano 

benzene 


o 

H,N-dianlno- 

plperizine 


-NHo 


A  H  §  H  r~  \ 

'Vn-c-n-m _ ' 

A  pclythlosenlearbazide 


The  polythlosemicarbazldes  have  been  shown  to  be  excellent  chelating  agents 
9/ 

for  copper.-'  Work  at  MRI  on  the  polythiourea  polymers  has  indicated  that 
certain  derivatives  of  this  polymer  are  also  good  chelating  agents  for  heavy 
metals  such  as  copper,  silver  and  lead.  The  preparation  and  evaluation  of  the 
series  of  metal  chelate  polymers  Is  not  yet  complete,  however  some  data  have 
been  collected  on  the  d.c.  electrical  conductivity  of  one  metal  chelate 
polymer  derived  from  paraphenylenediamine  and  metadiisothloeyanobenzene . 

II.  D.C.  Electrical  Pronertiea 

Hie  goal  of  this  program  is  the  correlation  of  electrical,  dielectric 
and  magnetic  properties  with  the  polymer's  structure.  The  determination  of  the 
change  in  reslatlvlty  with  increasing  tenperatures  for  the  polymers  under 
study  was  csrried  out  using  powdered  ssagileB  under  pressure  of  approximately 
'  '  psl,  and  a  field  of  20  to  400  v/cm.  'Htere  are  a  number  of  difficulties 
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encountered  in  determining  the  resistivity  of  powdered  samples.  There  is 
some  doubt  as  to  ^^lat  relations  between  bulk  and  surface  conductivities  are 
observed.  Thus  it  was  felt  that  measurement  under  high  pressures  would  be 
desirable.  It  should  be  noted  that  these  polymers  are  piezoresistive,  that 
is,  their  resistance  decreases  with  increasing  pressure  and  in  addition  there 
is  9  reduction  in  the  observed  activation  energy  of  conduction  with  Increas* 
ing  temperatures.  The  resistivity  parameters  determined  for  a  number  of  the 
polymers  under  study  are  shown  in  Table  II. 

Some  of  the  more  pertinent  data  obtained  are  shown  in  Figure  1.  It 
should  be  noted  that  th~  volume  resistivity  and  activation  energy  (slope  of 
line)  decreases  with  Increasing  conjugation  and  with  the  presence  of  condensed 
benzenoid  structures  in  the  cases  of  the  naphthalene  and  anthraqulnone  based 
polyamlnoqulnon;  polymers.  The  xacthene  snd  copper«doped  acrylonitrile 
polymers  are  coniparable.  The  polythiourea>copper  chelate  polymer  is  a  good 
conductor  and  has  an  extremely  low  activation  energy  (0.03  e.v.). 


III.  Deterainatlon  of  Dielectric  Properties 

As  this  program  is  concerned  with  an  investigation  of  the  electrical 
properties  of  polymeric  semiconductors,  ^he  deterainatlon  of  the  Intrinsic 
impedance,  z  ,  and  the  intrinsic  propagation  constant,  v  ,  was  desired. 

The  relations 


*  -  -JuVe* 

Y  ■  Ji  -  0  ♦  JP 


0  •  attenuation  factor 
0  «  phase  constant 
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exist  between  these  values  and  complex  pemitivity  e*  =  e'  -  Je"  aod 
complex  permeability,  ix--  =  |i'  -  Several  methods  were  considered  for 

determining  these  values.  The  measurement  of  the  open  and  short  circuit 
impedance  of  a  coaxial  line  filled  with  the  polymer  under  investigation  was 
selected.  The  Impedance  measurements  were  made  using  a  Boonton  RX  Meter, 

Type  250-A.  Doughnut  samples  of  the  polymers  were  molded  at  pressures  in  the 
range  of  30,000  to  40,000  psi.  These  samples  were  then  fitted  into  a  coaxial 
sample  holder  for  measurements  on  the  RX  meter.  Figure  2  shows  the  mold  used 
for  forming  the  sample  and  the  coaxial  sample  holder.  Reduction  of  the 
impedance  and  geometry  measurements  to  the  desired  dielectric  properties  was 
mathematically  quite  complicated  and  is  beyond  the  scope  of  this  discussion. 

A  program  for  reduction  of  the  experimental  data  on  an  IBM  1620  caaputer  was 
prepared  and  has  been  used  in  all  calculations. 

Impedance  measurements  were  made  at  frequencies  between  0.5  me.  and 
200  me.  Measurements  have  been  made  on  32  different  polymer  samples  over 
these  frequencies.  Some  of  the  highly  pertinent  data  obtained  are  sumaarized 
in  Figure  3. 

It  is  interesting  to  note  that  the  dielectric  conatant  for  aeveral 
of  these  polymers  la  considerably  higher  than  that  nomally  found  with  organic 
polymers,  whose  constants  usually  range  from  2  to  5.  In  the  cate  of  the 
xanthene  polymer  the  dielectric  conatant  at  lower  frequencies  Is  approxiaiately 
£0.  The  rapid  drop  in  dielectric  constant  with  increaiing  frequencies  la 
accompanied  by  sn  Increase  in  the  loss  factor  (e"/f').  The  attenuation  values 
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are  quite  low  and  do  not  increase  as  rapidly  with  frequency  as  might  be 
expected.  This  phenomenon  is  probably  due  to  a  decrease  in  (e")  with  increas¬ 
ing  frequency.  The  one  exception  to  this  trend  is  fotjnd  in  the  AG-HCS  saa^ple 
which  is  the  silver  complex  formed  on  reaction  with  a  derivative  of  para- 
phecylenedi isothiocyanate.  For  this  reason  it  is  hoped  that  the  metal  chelate 
polymers  currently  under  investigation  will  provide  increased  attenuation. 

EPR  PHOPETOIES  OF  POLYAMIIlOftUlWOllES 

Electron  paramagnetic  resonance  (EFR)  spectra  show  the  presence  of 
unpaired  electrons  in  a  sample  by  measuring  energy  absorbed  from  a  radiation 
field  when  the  electrons  undergo  a  transition  from  the  -fl/S  to  a  >1/2  spin 
state.  The  resonance  frequency  of  the  trans.  ion  is  adjusted  by  orienting 
the  unpaired  electrons  in  a  magnetic  field.  EPR  has  proved  to  be  very  useful 
for  studying  the  properties  of  unpaired  electrons,  and  is  particularly 
applicable  to  the  present  study.  10/ 

Electron  paramagnetic  properties  of  the  polyaminoquinones  have  been 
studied  rather  extensively  during  this  program  to  aid  in  the  understanding  of 
the  charge  transport  process.  Spin  concentrations  for  most  of  the  polymers 
prepared  have  been  measured  by  comparing  the  area  of  the  absorption  curve  with 
that  of  a  standard  pitch  suable.  Spin  concentrations  show  a  rou^  relation 
to  conductivity. 
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In  addition  to  spin  concentration,  the  shape  and  stracture  of  the 


absorption  curve  and  its  saturation  and  phase  behavior  may  also  give  useful 
information  about  the  nature  of  the  electrons  making  up  the  EPR  signal. 

The  important  EPR  properties  of  the  polyaminoiiuinones  are  these: 

(1)  Spin  concentrations  are  approximately  10^^  electron  spins/gram; 

(2)  Spin  lattice  relaxation  times  (Ti)  are  about  10"^  sec.,  and 
transverse  relaxation  times  (Tj)  about  10"®  see.; 

(3)  Phase  behavior  measured  using  100  kc.  phut.o  sensitive  detec- 
tioniS/  shows  that  some  of  the  signals  are  inheoiogeneous,  and  possible  composed 
ni'  tuo  or  three  kinds  of  electrons. 

(4)  Ihe  shape  of  the  signal  la  either  Gaut-si-Ji)  or  Torentzlan.  The 

/ 

Lorentzian  shape  indicates  intermolecular  electron  exchaiure.ii:/  and  polymers 
shoving  a  Lore.itzlan  signal  have  increased  conductivity  in  comparison  to 
similar  polymers  having  Gaussian  shapes. 

(5)  The  structure  of  the  signal  is  that  of  a  single  broad  absorp¬ 
tion  band,  except  in  the  case  of  the  mete  polymers.  These  show  small  extra 
absorptions  at  the  extremities  of  the  main  absorption  which  also  indicate  that 
.wo  iCinds  of  electrons  make  up  the  signal. 

We  think  that  these  wings  may  be  caused  by  l<\  impaired  electron 
'i.i.cil’red  at  the  nitrogen  atcn,  end  split  Into  three  ecus’  ccrruonents  by 
'tiTsction  with  the  nitrogen  quadrupole  mooent. 

The  p^ngle  Et»  charerf^rlstic  which  ti  boar  directly  on  the 

iranspcrt  mechanism  for  these  pclymera  Is  the  change  (. f  shape  of  the 


absorption  curve  from  Gauseian  to  Lorentzian.  Intermolecular  electron  ex¬ 
change  is  strongly  indicated  by  this  effect,  and  further  substantiated  by  the 
fact  that  general  comparisons  with  conductivity  data  show  Increased  conductiv¬ 
ity  for  those  polimers  exhibiting  a  Lorentzian  EPR  signal.  In  view  of  the 
phase  behavior  of  the  signal,  and  the  small  "wings"  shown  on  the  meta-PAQ 
polymers,  we  are  inclined  to  believe  that  the  unpaired  electrons  in  these 
polymers  are  associated  with  positively  and  negatively  charged  centers  in  the 
molecule,  and  that  p-type  conduction  indicated  by  the  Seebeck  effect  proceeds 
by  the  electron  exchange  at  the  positive  centers  and  resultant  motion  of 
positive  holes  through  the  bulk  polymers. 

CONCLUSIONS 

Ihe  polymer  systems  described  here  are  probably  intrinsic  semicon¬ 
ductors,  showing  moderate  conductivity  and  fairly  low  activation  energies  for 
conduction. 

Considered  as  rf  attenuators  for  the  10  me.  region,  those  Including 
metals  In  their  formulation  seem  to  be  best.  The  dielectric  and  magnetic  loss 
tangents  are  high  and  fairly  constant  In  the  frequency  range  10  -  200  me.; 
dielectric  constant  and  magnetic  permeability  are  also  high  and  fairly 
constant.  The  FAQ  polymers  seem  to  be  less  promising  because  dielectric 
constant  and  magnetic  permeability  vary  Inversely  through  the  frequency 
region  of  Interest. 
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Neither  type  of  polymer  has  shown  reaarkalsly  high  attenuation 
properties,  but  these  can  probably  be  improved  with  experimentation  and  as  we 
understand  the  charge  transport  process  better. 

Currently,  we  are  preparing  a  series  of  polymers  containing  chelated 
metal  in  their  structure,  and  we  expect  these  to  have  much  improved  conductiv¬ 
ity  and  attenuation  properties  in  the  10  me.  region. 


41.  DISCUSSION 

Mr.  Steinnark  of  Picatini^r  Arsenal  asked  if  it  was  true  that 
a  metal  filler  was  required  in  order  to  obtain  attenuation.  Mr.  Christie 
answered  that  low  values  of  attenuation  were  measured  without  metal  fillers. 
About  90  tests  were  run  on  54  different  poDjn&ers.  Materials  were  polymers 
that  are  not  thenaoplastlc ;  they  have  good  stability  up  to  about  250*C  at 
which  temperat'ure  they  melt.  They  were  molded  at  high  pressures  but  it 
was  found  that  they  were  fused  powders  end  not  solid  materials  after  thla 
process. 

Dr.  Harvalik  mentioned  that  lead  azide  may,  itself  make  a  fairly 
good  attenuator,  especially  after  it  is  heated  to  145*0  over  a  not>too> 
projected  period  of  tine.  Of  course,  it  could  blow  up  the  ship  (laughter). 
Mr.  Christie  cocraented  that  metal  salts  can  be  easily  polarized  and 
decomposed  to  form  free  electrons.  This  is  a  possible  explanation  of  the 
larger  values  of  attenuation  achieved  with  metal  polymers. 

Someone  from  Dahlgren  inquired  of  the  endurance  and  flexibility 
of  the  polymers.  Mr.  Christie  answered  that  they  are  of  low  molecular 
weight,  stable  in  the  presence  of  ojqrgen  and  reasonably  stable  with 
temperature.  The  most  stable  forms  are  organic. 
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TABLE  I 


POLYAMINOQUINONES 


No. 

Dlaalne 

Color 

Yield  i> 
Theory* 

1 

p- Phenylenediamine 

Black 

64 

2 

a- Phenylene  diamine 

Black 

34 

3 

0- Phenylenediamine 

Black 

64 

4 

4,4 ' -Diaminobiphenyl 

Dk.  brown 

70 

5 

4,4 ' -Ciaminodiphenylmethene 

Brown 

75 

6 

4,4' -Disfflinodiphenylsulf one 

Lt.  brown 

69 

7 

1, S-Oiaminonaphthelene 

Black 

46 

8 

1, 6-Diaainonaphthalene 

Black 

39 

9 

1 , 4-jDlani  noanthr  aquinone 

Black 

5 

10 

1, 5-Dieninoanthraquinone 

Black 

10 

11 

2, 4-Blafflinotoluene 

Black 

65 

12 

2,  S-Dichloro-3, e-diaminobenzoquinone 

Black 

64 

13 

o-Tolidene 

Dk.  brown 

64 

14 

2, 4-Diaai nophenol 

Black 

75 

IS 

2, 4«Dlanlnoanlsole 

Black 

79 

16 

2,4-DlaBlnobenzolc  acid 

Black 

69 

17 

l-Nltro-2,4-dlafflinobenzene 

Black 

74 

18 

TrlaBino«a>trlazene 

Dk.  brown 

82 

19 

Urea 

Black 

36 

20 

Oiethylenetriaaine 

Brown 

50 

*Prep«red  in  N>{I-dlBethylfoxTnaBlde. 
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tabu;  II 


resistivity  parameters 

(from  P  '  Po  e  ) 


Polymer 

Descriptlor. 

PjO’C 

(duB-ems) 

Po 

(ohm-ems) 

Xanthene 

7.5  X  10* 

0.57 

0.30 

PA-HQ 

5.8  X  10® 

0.83 

0.34 

Copper-Coped  Polyacrylonitrile 

6.2  X  10® 

0.29 

0.40 

Polyamlnoqulnonee  (See  Table  I) 


1 

6.5  X 

10^2 

1.59  X  10*3 

0.95 

2 

3.7  X 

10l2 

5.55  X  10'3 

0.77 

3 

5.8  X 

10l2 

2.51  X  10*® 

0.85 

4 

9.6  X 

loi* 

7.94  X  10-* 

1.07 

5 

2.8  X 

10l8 

1.26  X  10*’ 

1.50 

6 

2.61X 

2.89  X  lo;* 

1.24 

7 

l.BSx 

lolo 

1.42  X  10^ 

0.48 

8 

2.4  X 

lolo 

0.11 

0.69 

9 

6.8  X 

10® 

7.94  X  10"3 

0.76 

10 

6.1  X 

10® 

1.50  X  10** 

0.80 

11 

5.0  X 

lou 

7.94  X  10*3 

0.76 

12 

3.3  X 

lolo 

2.51  X  10** 

0.59 

13 

1.8  X 

10® 

1.12 

0.50 

14 

1.2  X 

lolo 

0.64 

0.40 

15 

5.8  X 

lO^-l 

21.5 

0.64 

16 

1.3  X 

10^ 

1.52 

0.75 

17 

1.4  X 

10l2 

50.1 

0.64 

18 

1.7  X 

1013 

0.82 

0.62 

19 

1.2  X 

lolO 

2.50  X  10-3 

0.89 

Copper  (Cu*^),  Polythiourea 

Ceaq)lex* 

9.eox 

10^ 

5.17  X  10® 

0.05 

Si Iver-p-pbenylenedilaothlo- 

cyanate  Coaplex 

1.2SX 

10^ 

2.40  X  10"* 

0.70 

*Prep«r«d  froa  £>phen]rlenedl«aine  and  B«diiiothloeyanoheneene. 
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U2.  THERMAL  ANALYSIS  OF  PRIMARY  EXPLOSIVES 


by; 

George  Svadeba 

Keaearch  4  Oevelopmeat  Oiviaion 
U.S.  Naval  Weapoaa  Station,  Yorktown,  Va, 

I.  INTRODUCTION 

Let  me  begin  the  Weapon#  Station's  presentation  by  taking 
you  to  a  day  in  the  future.  The  HERO  program  assignment  has 
been  completed  and  turned  over  to  appropriate  personnel  for  use. 
A  ship  has  Just  returned  from  its  tour  at  sea.  On  shore,  HERO 
program  personnel  from  the  Naval  Weapons  Laboratory, 

Dahlgren,  are  waiting  to  determine  the  levels  of  eleetronoagnetle 
radiation  encountered  by  the  SEDs  since  the  ship  left  port.  A 
single  EEO  is  selected  from  shipboard  stocks  for  analysis  and 
forwarded  to  their  laboratory.  Upon  examinatioa,  it  is  found  that 
the  explosive  around  the  bridgewire  of  the  EEO  has  been  deeom~ 
posed  by  7%.  Since  the  item  selected  was  a  newly  manufactured 
item  Just  released  to  the  fleet,  it  is  known  that  the  total  decompo* 
sltion  occurred  during  a  single  tour.  Checking  with  available 
conversion  tables,  a  cumulative  frequency-time  factor  of  electro¬ 
magnetic  radiation  exposure  is  obtained.  A  second  table  in¬ 
dicates  that  40^  additional  energy  will  be  required  to  initiate 
thie  EEO  to  provide  the  same  probability  of  fire,  and  that  this 
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it  atill  within  the  energy  nvnileble  from  the  SliA  device.  It  ie 
further  determined,  that  bated  on  the  data  Just  obtained,  the 
probable  reliable  life  under  similar  conditions  of  exposure  will 
be  one  additional  trip,  after  which  time,  probability  of  function 
of  the  EEO  will  be  below  acceptable  levels,  with  a  high  percent* 
age  of  duds  to  exist  in  this  stock  of  EEOs. 

This  hypothetical  situation  describes  the  basic  program 
objectives  at  the  Naval  Weapons  Station,  Torktown  *  namely: 

(1)  DETECT  changes  which  have  occurred  in  the  EED;  (2) 
DETERMINE  what  conditions  are  necessary  to  effect  these 
changes;  and,  (3)  based  on  the  existing  condition  of  the  EED, 
DETERMINE  what  the  reUabiUty  or  hasard  of  the  BED  will  be, 
or  what  conditions  of  exposure  will  make  the  BED  a  hasard  or 
dad. 

u.  g?tPiWMWAL  AfPRgACH 

With  these  basic  program  objectives  is  mind,  let  me  briefly 
review  what  we  have  done,  where  we  are,  and  where  we  are 
going.  The  first  objective  is  to  detect  changes  in  the  BED  as 
a  result  of  exposure  to  electromagnetic  radiation.  It  was 
assumed  and  verified  during  the  early  phase  of  the  program, 
that  the  effect  of  electromagnetic  radiation  and  consequently, 
heat,  would  result  in  a  complex  pattern  of  decomposition  of  the 


primary  explosives  surrounding  the  bridgewire  of  an  EEO.  It 
was  further  observed  that  no  single  method  of  analysis  was 
capable  of  detecting  or  resolving  all  the  effects  associated  with 
decomposition.  Accordingly,  a  variety  of  techniques  were  used 
to  approach  the  problem  of  analysis,  each  with  a  slightly  differ¬ 
ent  viewpoint.  The  total  approach  has  been  combined  under  the 
program  heading  of  Thermal  Analysis.  The  first  technique 
under  study  is  Differential  Thermal  Analysis. 

A.  Differential  Thermal  Analysis  is  a  technique  need  to  study 
the  effect  of  heat  on  any  material.  The  method  involves  heating 
the  sample  under  study  and  a  thermally  inert  reference  material 
to  elevated  temperatures  at  a  constant  rats  (variable  between 
l/Z  to  20°C/mln. ),  while  eoatinuonsly  rscordlng  the  temperature 
difference  between  them  as  a  function  of  sample  or  reference 
temperature.  All  of  the  reactions  which  can  occur  in  the  sample 
as  it  is  heated  are  accompanied  by  energy  changes  which  generally 
manifest  themselves  as  heat  energy.  Some  produce  heat  and  are 
called  exothermic;  some  require  heat  for  the  reaction  to  proceed 
and  are  called  endothermic.  On  a  rising  temperature  basis, 
endothermic  heat  effects  can  be  caused  by  vaporiaatien,  decompo¬ 
sition,  inversion,  reduction  and  fusion.  The  exothermic  ones 
are  due  to  oxidation,  crystallisation  and  aotocatalytle  decomposi¬ 
tion.  The  corves  obtained  by  DTA,  called  thermograms,  may 


then  be  used  to  characterize  the  ayatem  under  atudy  in  terma  of 
its  thermal  reactiona,  both  phyaical  and  chemical. 

(1)  Differential  Thermal  Analyzer 

A  Differential  Thermal  Analyzer  ia  compoaed  of 
three  major  componenta:  a  aample  holder,  a  controlled  aource 
of  heat,  and  a  device  for  the  meaaurement  of  the  heata  of  reaction. 
Fundamentally,  only  a  few  baaic  ideaa  exiat,  although  practically 
no  two  unita  are  exactly  alike  in  detail  becauae  they  are  generally 
aaaembled  Individually.  The  actual  deaign  employed,  in  addition 
to  peraonal  preference,  ia  controlled  by  the  ultimate  purpoae  of 
the  collected  data. 

The  analyzer  need  in  thia  work  waa  developed  by  the 
Robert  L.  Stone  Company  of  Auatin,  Texaa,  and  modified  for  the 
Naval  Weapona  Station  ia  order  to  obtain  maximum  information 
about  the  exploaivee  under  atudy  with  the  minimum  aine  aample  a. 
The  iaatrument  ia  capable  '^f  producing  data  under  controlled 
preaaure  and  under  a  gaaeoua  atmoaphere  of  known,  controlled 
compoaltioa.  The  deaired  preaaure  ia  created  by  uaiag  Nitrogen 
or  compreaaed  air.  Thia  allowa  atudlea  in  accordance  with  the 
LeChateller-Braun  principle  which  atatea  that  whenever  atreaa 
ia  placed  on  any  ayatem  in  a  atate  of  equilibrium,  the  ayatem 
will  alwaya  react  in  a  direction  which  will  tend  to  counteract  the 
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applied  stress.  The  literature  cites  a  number  of  reactions  which 
are  unexpectedly  and  quite  profoundly  affected  by  pressure. 

Gases  of  known  composition  may  also  be  swept  through 
the  sample  during  the  DTA  run  to  carry  off  any  other  gases  being 
evolved  through  decomposition.  This  allows  studies  of  reactions 
with  and  without  the  reaction*participating  gases  present. 

A  second  technique  used  to  study  the  effect  of  heat  on 
solid  e-'.-losives  is  Infrared  Spectroscopy. 

B.  Infrared  ^■••‘ctroscopy 

Infrared  spc  >oscopy  is  based  on  three  laws  of  physics: 
(1)  that  molecules  and  the  atcmic  nuclei  of  molecules  are  in  con¬ 
stant  motion,  (2)  that  all  molecular  motions  occur  with  fixed  and 
characteristics  frequencies,  and  (3)  that  when  the  frequency  of 
radiation  is  equal  to  a  natural  frequency  of  the  molecule,  then 
the  molecule  will  absorb  radiation.  (If  the  frequency  of  radiation 
differs  from  the  frequency  of  the  molecule,  the  molecule  will 
transmit  or  reflect  the  radiation). 

The  absorption  of  the  molecule  depends  upon  the  natural 
modes  of  the  motion,  particularly  the  vibration  of  the  molecule. 
Since  the  vibration  pattern  of  the  molecule  is  determined  by  the 
vibrational  frequencies  of  the  masses  of  atoms  present  in  the 
molecule,  the  various  structural  groups  and  configurations  of 
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molecules  will  yield  characteristic  absorptions.  Just  as  each 
component  has  its  own  characteristic  infrared  absorption  spec¬ 
trum,  a  mixture  of  components  will  yield  an  absorption  spectrum 
containing  the  characteristics  of  all  the  components.  The  absorp¬ 
tion  at  each  wavelength  is  the  sum  of  the  absorbances  for  the 
individual  components  at  a  given  wavelength,  the  contribution  of 
each  component  depending  upon  its  concentration  and  absorptivity 
at  that  wavelength. 

The  infrared  spectrophotometer  measures  the  absorption 
of  the  sample  by  illuminating  it  with  infrared  radiation  -  one 
wavelength  at  a  time  -  and  plotting  (recording)  the  transmittance 
of  the  sample  vs  the  wavelength  of  radiation.  The  recorded  infra¬ 
red  spectrum  is  thus  a  true  "fingerprint"  of  the  sample  *  the  most 
characteristic  physical  property  of  the  sample. 

(l)  equipment 

The  instrument  used  in  this  program  is  a  Beckman 
1R.-5  Infrared  Spectrophotometer  and  is  an  automatic  recording 
double  beam  instrument.  Equipped  with  NaCl  optic*,  the  IR-5 
has  a  wavelength  range  of  Z  to  16  microns  and  scans  the  entire 
wavelength  range  in  16  minutes,  recording  linearly  in  trans¬ 
mittance  and  wavelength. 

The  explosives  under  study  are  prepared  for  sampling 
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using  the  Potassium  Bromide  technique.  This  method  consists 
of  diluting  the  materials  in  solid  Potassium  Bromide  and  then 
pressing  the  mix  to  give  a  fused  disk  which  can  be  introduced 
into  a  light  beam  of  a  spectrophotometer.  Since  the  Potassium 
Bromide  is  transparent  over  the  range  of  interest,  the  resulting 
spectrum  is  that  of  the  sample. 

The  third  major  technique  used  in  the  program  is 
Gas  Chromatography. 

C.  Gas  Chromatography 

The  fact  that  gaseous  mixtures  are  separated  into  their 
component  parts  as  they  are  passed  through  a  packed  column  of 
certain  solid  materials  has  given  rise  to  a  method  of  analysis 
known  as  gas'soUd  chromatography.  This  separatioa  is  accom¬ 
plished  through  the  phenomena  of  ad-and  absorption  of  the  gas 
by  the  solid.  One  of  the  most  prominent  materials  used  in  gas- 
solid  chromatography  is  the  molecular  sieve.  The  molecular 
sieve  ie  a  dry.  crystalline  material  containing  small  diameter 
pores  that  act  not  only  as  a  sorbent  for  certain  gases,  but  is  so 
manufactured  that  it  is  capable  of  separating  molecules  on  the 
basis  of  sise.  In  an  operating  gas  chromatograph,  the  sample 
to  be  analysed  is  injected  into  an  injection  pert  where  it  is 
picked  up  by  a  carrier  gas  and  transported  through  a  separating 


42-7 


colunm.  As  the  sunplc  gases  are  of  a  different  size,  the  smaller 
ones  may  pass  through  the  pores  of  the  sieve  practically  unhindered, 
while  the  larger  ones  may  require  a  considerable  period  of  time  to 
fi:  *!  its  way  through  the  column.  If  a  detector  is  placed  at  the  end 
of  the  column,  the  time  for  the  gas  to  appear  and  the  quantity  of 
gas  present  may  be  determined.  A  simplified  block  diagram  as 
well  as  a  flow  schematic  of  a  typical  gas  chromatograph  is  shown 
below. 


Oven  Chamber 


lyar.  ffCH«MAja£ 

Figore  1 
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(1)  Equipment 

The  equipment  used  for  this  study  was  a  F&M  Model 
500  linear  programmed  high  temperature  gat  chromatograph.  It 
is  capable  of  either  programmed  or  isothermal  temperatures  to 
SOO^C  and  has  separate  and  independent  temperature  controls 
for  column,  detector  and  injection  port.  The  detector  is  a  thermal 
conductivity  cell  and  its  response  is  based  on  the  difference  in 
thermal  conductivity  between  the  carrier  gas  and  the  sample 
components,  and  furnishes  the  signal  for  a  Minneapolis-Honeywell 
Model  No.  Y143X  Recorder.  The  column  used  was  a  six  foot 
stainless  steel,  coiled  column  packed  with  Molecular  Sieve  No. 

5A,  (5  Angstrom  pores). 

III.  EXPERIMENTAL  PROGRAM 
With  a  number  of  techniques  available  for  use  in  the  study  of 
thermal  effects  on  primary  explosives  (including  several  not  des* 
cribed  which  include  TGA  and  microscopy),  we  are  now  able  to 
proceed  to  the  second  program  objective  ~  namely,  determine 
what  conditions  were  necessary  to  effect  the  changes  noted.  This 
work  is  currently  in  process,  but  1  would  like  to  give  you  a  pre* 
view  of  what  information  is  available  to  date,  and  the  direction  of 
our  present  work.  The  following  curve ,  Figure  2,  is  a  plot  of 

decomposition  of  Lead  Aside  as  a  function  of  time  at  fixed  tempera¬ 
ture. 
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Oecompoaition  of  Lead  Azide  as  a  Function 


The  completed  curve  is  based  on  studies  at  Z50^C  and  shews  that 
at  relatively  high  temperatures.  Lead  Azide  decomposes  quite 
rapidly.  During  this  decomposition  under  atmospheric  conditions, 
the  lead  oxidizes  forming  a  number  of  oxides.  The  oxides  formed 
depends  on  the  decomposition  temperature.  l,et  me  call  your 
attention  to  the  points  on  the  ZQO^C  and  ZSO^C  curves  for  six  hours. 
At  ZSO^C,  the  sample  is  virtually  completely  decomposed  Insofar 
as  the  Ijead  Azide  is  concerned.  The  oxides  formed  at  this  tern* 
perature,  however,  are  chemically  active.  The  decompositim  at 
200°C  for  six  hours  is  roughly  60%  complete  with  lower  oxides 
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formed.  Let  us  now  look  at  a  comparison  of  weight  losses  of 
the  explosive  and  degree  of  decomposition.  It  is  ixnmediately 
seen  in  Table  1 

Table  1 


Nitrogen  Loss  vs  Weight  Loss  of  Lead  Azide 


200°  C. 

250°  C. 

Time 

Weight 

Loss 

Nitrogen 

Loss(G^ 

Time 

Weight 

Loss 

Nitrogen 

Loss(GC) 

6  hrs. 

15.1 

15.1 

20  min. 

6.2 

6.7 

6  hrs. 

15.1 

15.2 

30  min. 

11.5 

13.1 

16  hrs. 

14.8 

16.4 

16  hrs. 

14.8 

16.1 

1  hr. 

11.6 

13.9 

24  hrs. 

11.7 

20.5 

2  hrs. 

13.7 

20.7 

24  hrs. 

18.7 

18.2 

6  hrs. 

16.3 

27.8 

65  hrs. 

20.3 

21.8 

18  hrs. 

10.7 

28.1 

that  at  200°C,  weight  losses  are  nearly  comparable  to  the  degree 
of  decomposition  as  determined  by  the  loss  of  nitrogen,  while 
weight  losses  at  Z50**C  show  much  smaller  losses  in  weight.  This 
indicates  a  higher  degree  of  oxidation  taking  place  at  the  higher 
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temperature.  Why  is  this  important,  or  ia  it?  The  indicationa 
right  now  are  that  it  ia  important,  particularly  when  we  attempt 
to  apply  thia  information  to  the  third  phaae  of  the  program.  In 
thia  phaae,  we  are  attempting  to  correlate  the  reliability  of  the 
EED  with  the  degree  of  decompoaition.  The  curve  illuatrated 
below  (Figure  3),  ahowa  the  energy  requirement  for  50%  fire  of 
Lead  Azide  veraua  the  degree  of  decompoaition. 


Percent  Decompoattiea  (OC) 

Figure  3 

A  Ilk  1  Med  0  Squib  wna  uaed  aa  a  atmidard  teat  vehicle.  The 
curve  ahowa  that  aa  the  ezploatve  begiaa  to  decoanwee,  the  energy 
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required  for  the  50%  point  increase!  until  a  maximum  is  reached 
at  7%  nitrogen  loss  or  25%  decomposition.  Up  to  this  point,  this 
is  as  expected.  As  the  explosive  initially  decomposes,  it  may  act 
as  an  insulator,  requiring  greater  initiation  energy  to  reach  the 
remaining  undecomposed  explosive.  Beyond  this  point,  however, 
the  energy  requirement  drops  until  it  stabilizes  at  and  beyond  14% 
nitrogen  loss  or  50%  Azide  decomposition.  How  can  this  be  ex¬ 
plained?  First,  let  me  note  that  as  the  energy  drops  from  the 
peak  required  for  Initiation,  the  acoustic  intensity  of  the  detonated 
squib  also  drops.  To  distinguish  between  "go's"  and  no-go's)  in 
this  region,  we  are  presently  attempting  to  coat  the  bead  with  a 
second  ccat  of  undecomposed  Lead  Azide.  We  hope  that  detonation 
of  the  second  stage  Azide  can  be  used  to  distinguish  burning  or 
sparking  from  lower  energy  detonation  which  can  still  build  up  to 
full  detonation  of  the  CEO.  Let  me  return  to  the  weight  loss 
Venus  decomposition  curves  which  showed  the  formation  of  different 
oxides,  depending  on  the  decomposition  temperature.  The  indica¬ 
tions  to  date  are  that  the  higher  oxides  are  not  inert,  but  are 
capable  at  least  of  ignition.  The  drop  in  acoustic  intensity  noted, 
therefore,  would  be  explained  by  the  reduction  of  active  Lead  Azide 
into  lower  energy  oxides  plus  the  remaining  undecomposed  Lead 
Aside.  The  conclusion  of  the  second  stage  Azide  firings  will  thus 
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provide  us  with  the  first  psrt  of  the  third  program  objective, 
namely  -  predict  the  degree  of  hazard  or  dud  ia  an  KEO.  Since 
we  have  now  touched  on  the  three  phases  of  the  program  at 
Yorktown,  let  me  cover  briefly  the  work  that  has  been  done  to 
date  on  Oiazodinitrophenol  or  DONP  as  it  is  generally  known. 

DONP  was  one  of  the  explosives  studied  early  in  our  pro¬ 
gram  which  responded  to  analysis  by  infrared  spectroscopy. 

1  mention  it  here  only  to  illustrate  the  point  that  it  is  quite 
probable  that  different  explosives  will  respond  to  different 
analytical  techniques.  While  the  data  available  is  sketchy,  it 
shows  that  infrared  analysis  of  DDNP  offers  a  potential  for  re¬ 
solving  decomposition.  The  curve  in  Figure  4  illustrates  the 
absorption  spectra  of  OONP. 
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Wavclcafth  ia  Mleroas 
Figvrt  4 


SampUt  of  ODNP  w«r«  hoatod  oadar  varioai  eoadttioaa  aai 
carafuUp  waifhad  altar  haatiag  to  4atarmiaa  tha  leas  ia  walfht. 
Tha  dacompotad  tamplat  wara  ratastad  aad  sbewad  a  deeraasa 
in  tha  absorption  band  at  Z200  em*^  oatil  tha  band  cootplataljr 
diaa^aarad.  Tha  dacraasa  and  final  diaappaaraaea  of  thia  band 
appaars  to  bo  diractly  ralatad  to  the  daceanpoaition  of  the  DONP 
aa  illuatratad  in  Figaro  5. 
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:a  .4  .i  i  i»  •  a  'CT'Tt  T*  «  a — 

Abaerbcae*  OONP  a«  a  Fuaetioa  of  Wai|^ 
Figura  S 

SliQttld  thia  mathod  («r  detarmiaiag  Um  dagraa  of  daeompeai* 
tloa  of  OONP  ba  aeeurata  wttbia  Umita  raquirad  for  tlda  grogram. 
it  caa  ba  naad  to  ralato  flrlag-dacompoaitioa'tima  data  aa  iUoa' 
tratad  aarliar  for  Laad  Aaida. 

IV*  ffgMMARJ 

Tba  iaformatioa  Obtaiaad  to  data  iadicataa  tbat  tba  objactivaa 
of  tha  program  at  tba  Naval  Waapoaa  Statloa  caa  ba  achiavad.  Wa 
hava  davalopad  or  appUad  a  aoaibar  of  tacbaiqaaa  to  tba  aaalpaia 
of  primary  oaploaivaa  to  dataraiiaa  tba  dagraa  of  docompoaitioa 
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of  primary  explosives.  We  are  in  the  process  of  completing 
work  which  we  feel  will  enable  us  to  determine  what  conditions 
of  temperature  and  time  the  explosives  have  been  exposed  to. 
And,  finally,  we  have  illustrated  that  decomposition  of  the  explo* 
sive  can  affect  the  firing  of  an  £ED.  There  is  still  much  to  be 
done.  Some  of  the  things  we  plan  to  do  in  the  future  are: 

(1)  Continue  second  stage  firings  simulating  a  complete 
EED  in  an  attempt  to  redefine  a  failure  or  "no  go"  in  our  tests. 

(2)  Complete  studies  of  Colloidal  Lead  Azide.  This  will 
include  completion  of  time>temperature*decomposition  curves 
with  related  firings  of  Mk  1  Mod  0  squibs. 

(3)  Extend  present  studies  to  ignition  systems  presently 
used  in  EEOs  in  the  fleet  today,  or  proposed  for  use.  Lead 
Styphnate  is  next  on  our  list  for  study. 

(4)  Study  the  problem  of  sampling  the  explosive  from  the 
EEO  for  testing.  Areas  such  as  effect  of  solvents  on  dseompo* 
sition  products,  Interference  of  binder  on  test  results,  etc. 

(5)  Evaluation  of  new  techniques  where  required  (Thermo* 
volumetric  Analysis,  which  plots  gas  evolution  from  DTA  tests 
as  a  function  of  temperature). 
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PAPERS  NOT  PRESENTED  ORALLY 


43.  Plcatlnm-  Arsen*!  RF  FaeiUtlea.  Teat  ResultB  A.  Grinoch 

and  Future  Plans  (U) 

A  transmitter  has  been  developed  for  this  program  to  cover  the  frequencies 
from  300  Me  to  10,000  Me.  A  miniature  tape  recorder  is  being  developed  to 
handle  the  output  of  20  sensore.  Some  limited  RF  tests  on  ordnance  items 
have  been  performed.  Future  plans  include  an  indoor  RF  transmitting  facility 
vdth  RF  simulation  chambers  for  the  lower  frequency  range. 


44.  Transient  Electromagnetic  Field  Propagation  Through  Charles  W.  Harrleon,  Jr 
Infinite  Plates  and  Into  HqUok  Cyllndera_and 
Spherical  Shells  of  Finite  Conductivity 

Oaueeian  electromagnetic  field  pulses  of  several  standard  deviations  are 
propagated  through  infinite  plates,  into  the  interior  of  hollow  cylinder  and 
spherical  shells.  It  ie  shown  that  gausslan  pulse  fields  of  relatively 
long-time  duration  (standard  deviation  of  24M-sec  or  more)  defined  on  the 
surface  of  plates  and  cylinders  are  propagated  through  the  metal  walls  with 
e(»is  diminution  in  amplitude.  When  the  incident  pulse  undergoes  reflection 
at  the  boundary  surface  as  well  ae  transmiselon  through  the  n»tal  wall,  the 
total  attenuation  sustained  by  the  field  is  enormous. 


45.  The  Sandla  RF  Testing  Facility  Using  Low  Level  C.  W.  Co( 

EXflctrataijmctlc  A  SUtm  Rapaxt 

The  Sandia  Corporation  low  level  RF  testing  system  is  now  a  fully 
operational  test  facility.  The  changes  necessary  to  develop  the  experimental 
system  into  a  fully  operational  system  are  described  in  detail.  Its 
capabilities,  its  advantages  and  disadvantages  and  the  techniques  of  testing 
as  well  as  the  methods  of  automatic  data  acquisition  are  described. 
Anticipated  future  uees  for  this  type  of  test  facility  are  discussed. 


46.  Slot  Receiving  Antennas  as  Related  to  Radio  Charles  W.  Harrison,  Jr. 

Fjflfluency  Hasarda  to  Ordnance 

These  types  of  slot  receiving  antennae  are  discussed  quantitatively  in  this 
paper.  The  general  theory  is  applied  to  solve  specific  problems.  The  results 
are  presented  in  the  form  of  curves  relating  the  power  to  the  frequency.  These 
curves  may  be  regarded  ae  transfer  characterietice  for  the  slot  receiving  ^stMis 
because  from  them  the  power  in  the  load  for  any  given  value  of  field  strength 
may  be  determined  iimedlately.  In  the  lowto-medlum  frequency  region,  most 
of  the  curves  have  a  positive  slope  of  6  db/octave  with  increasing  frequency, 
and  beyond  10  Mc/sec  they  arm  oscillatory  in  nature. 
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47.  A  Study  of  the  Simulation  of  Instrumftnt.Bd  to  D.  Boyd  Writer 

Loaded  EED'a  Richard  K.  Fry 

With  the  assumption  that  both  Instrumented  and  loaded  EED's  behave  as  linear 
systems,  the  analysis  predicts  the  degree  of  simulation  in  terms  of  basic 
thermal  parameters.  Measured  values  of  parameters  and  evidence  supporting 
the  model  are  given.  Graphs  are  presented  characterizing  the  degree  of 
simulation  for  de'-dLoes  under  various  conditions. 


48.  Measurement  of  the  Least  Possible  (Worst  Case)  Ramie  H.  Thongison 

Attenuation  of  Protective  Devices  for  Electroexploslve 
Devices 

The  attenuation  of  a  protective  arrangement  may  result  from  reflection,  or 
energy  absorption  and  dissipation,  or  some  combination  of  the  two.  That  part 
which  is  due  to  reflection  can  be  cancelled  or  reduced  under  some  conditions 
of  Impedance  relationship;  the  least  possible  (worst  case)  attenuation  is 
that  due  to  absorption  alone .  This  value  s  shown  to  be  that  lAlch  is  measured 
in  a  system  en^loying  matching  networks  on  both  sides  of  the  sample  under  test. 
Formulas  are  derived  by  analysis  of  equivalent  circuits,  and  experimentally 
verified.  This  method  is  particularly  useful  for  the  ^^OKc  -  lOOMc  range, 
where  isqsedancss  are  easily  measured,  but  matching  systems  may  have 
objectionable  Inherent  loss. 


49.  Anti-RADHAZ  Device  for  Bomba  (U)  L.  L.  Woolston 

This  device  protects  electroexplosive  components  in  the  bcnb's  fusing  system 
by  providing  total  impenuablllty  to  slectromagnetlc  radiation  radar  and 
communication  transmitters  at  all  frequencies.  This  is  accomplished  by  using 
a  conductive  barrier,  penetrated  only  after  bomb  release,  between  the  boob 
connector  and  the  electrical  chatting  cable  to  the  aircraft.  RADHAZ  tests 
and  recent  functional  tests  have  been  so  successfully  indicated  that  the  design 
principle  used  may  be  useful  in  future  weapons  as  well  as  for  the  current 
application. 


50.  Plcatlnny  Arsenal  Artlllersr  Ammunition  Stanley  M.  Adelman 

The  Artillery  Ammunition  Laboratory  at  Picatinny  Arsenal  has  for  several 
years  been  engaged  in  a  program  to  determine  the  vulnerability  of 
electroej^loslvs  devicss  and  to  safeguard  electroexploslve  devices  from  RF 
radiation.  This  has  Included  theoretical  analysis,  laboratory  testii^g  and 
field  testing  where  possible,  and  also  the  incorporation  of  attenuators 
in  elsctroexplosive  devices. 
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51.  Jjafrared  Detector  Teehnlauea  for  Eatiaatlng  the 
RF  PQvfar  In  4  Betted  Brldgwlre 


John  P.  Warren 


A  detector  la  mounted  close  to,  but  not  touching,  the  bridgewlre,  to  measure 
Infrared  radiation.  This  measurement  is  an  Indication  of  the  amount  of  HF 
energy  input  xhlch  causes  the  radiation.  The  system  is  calibrated  vrith  DC 
input,  because  measur«aent  of  DC  power  presents  no  problems.  Two  such 
detestora  are  described  in  detail,  with  their  Instrumentation;  capabilities 
and  limitations  are  discussed. 


5?.  Non-Electric  Stimulus  Transfer  STstema  and  Robert  C.  Allen 

Non-electric  stimulus  transfer  systems  (NESTS),  incorporating  completely 
contained  mild  or  miniature  detonating  fuse  and  through-btilkhead  detonation 
or  ignition  transfer  units,  can  be  designed  to  accon^lish  any  number  of 
one-ehot  functions  from  ignition  and  destruct  to  the  actuation  of  valves  and 
switches.  Properly  designed  NESTS  are  cooq>letely  insensitive  to  RF,  stray 
currents,  and  other  Induced  or  even  deliberately  applied  electric  currents 
and  also  eliminate  the  need  for  primary  explosive  cos^sitions,  ground 
check-out  equipment,  and  critical  interface  tolerances. 


53.  A. 


Feasibility  Study  for,  a  Sonic  Ara^/Safing 
Systtftt  for  Aircraft. Weapons. System  (U) 


James  A.  Rumnsl 


Sonic  energy  is  mechanical  energy— not  electromagnetic  energy.  Thus  sonic 
energy  cannot  induce  electrical  current  in  firing  circuits  of  squibs  or  fuses. 
This  premise  prompted  a  study  which  demonstrated  the  feasibility  of  a  sonic 
armin^saflng  system  for  air-dropped  weapons. 


54.  EMR  Hasards  to  EEDs  Lt.  Col.  Reuben  B.  Moody 

Concent  over  electrcmagnetlc  mdiation  hasards  to  electroexplosive  devices 
(ord  EEDs)  arises  from  the  fact  that  electrical  leads  to  an  EED  can,  under 
certain  conditions,  act  as  an  antenna.  There  have  incidents,  albeit  very 
few,  when  leads  to  an  EED  have  extracted  sufficient  energy  from  an  electromagnetic 
field  environment  to  cause  Inadvertent  detonation. 
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«t  TRANSIENT  ELECTROMAGNETIC  FIELD  PROPAGATION 
THROUGH  INFINITE  SHEETS,  INTO  SPHERICAL  SHELLS, 
AND  INTO  HOLLOW  CVUNDERS 


by 

Charles  W.  Harrieon,  Jr. 
Member  of  the  Technical  StaH, 
Sandia  Corporation,  Albuquerque,  N,  M. 


Introduction 

This  study  was  undertaken  to  determine  the  shielding  characteristics  of  thin-walled  infinite  sheets, 
spherical  shells,  and  cylindrical  tubes,  illustrated  by  Figure  1,  under  transient  conditions.  His  diields 
are  made  of  aluminum  and  contain  no  alnts.  Gaussian  electromagnetic  field  pulses  are  pz(^|iagated  through 
the  iidinite  sheets,  and  from  outside  to  the  inside  of  closed  containers  in  the  geometrical  shape  of  spheres 
and  cylinders.  Time  histories  of  die  attenuated  pulses  are  computed.  For  the  case  of  the  infinite  con¬ 
ductive  sheets  the  propagated  pulses  are  compared  to  the  associated  impinging  pulses  mi  the  basis  of 
available  energy  per  unit  area. 

Finally,  the  field  is  calculated  in  the  interior  of  cylindrical  tubes  of  finite  lengths,  when  the  ends 
are  connected  by  wire  to  a  generator  delivering  a  current  pulse  of  gaussian  shape.  From  the  theoretical 
point  of  view,  this  problem  is  closely  related  to  that  of  calculating  die  field  within  a  missile  stripped  of 
interior  components,  when  subjected  to  a  direct  lightning  strike. 

The  Impinging  Gaussian  Pulse 

The  description  of  the  impinging  pulse  in  the  time  domain  employed  in  this  paper  is 


eft)  "As  (1) 


where  A  is  the  value  of  e(o),  t  is  the  time,  and  t^  is  a  measure  of  the  pulse  width.  The  spectrum  of 
the  pulse  is  obtained  by  taking  the  Fourier  transform  of  (1).  Thus, 


where 


(2) 

(3) 


In  evaluating  Fourier  transforms  by  numerical  methods  it  is  often  convenisift  to  truncate  die  frequency 
spectrum  in  passing  from  the  frequency  to  time  domain,  and  truncate  the  limits  of  integration  when  com¬ 
puting  the  frequency  spectrum  of  a  given  time  function. 
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Let  Cj  (t)  be  the  new  time  function  obtnined  by  taking  the  tranaform  of  the  truncated  frequency 
function.  Aiiume  diat  the  cutoff  frequency  ie  f,  >  2.  utj.  The  error  le  then 


i)(t)  -  left)  -  ej(t)i 


f  E(f)#^****df  + 1  E(f)^”'?tt 

J-oe 


(4) 


Thui. 

ijft)«  2j^^^|E(f)|df,  (5) 

Subitltutlng  <2)  into  <$)  and  integrating,  qft)  $  0.00t2A.  Thue,  *  |  ft>  ^e  “(ft  depart  from  e  ft)  by  mwe 
than  1  percent  at  any  time. 

It  eft)  te  a  plane  wave,  the  energy  la  the  pulaa  ie  given  by 


(«) 


where  ftie  lait  relation  foUowe  from  Paraeval'e  identity. 

The  energy  loct  by  traoeation  of  the  epectrum  la 

Vffl  |E<f>|  df.  (T) 

In  theaa  exproaatona  •  120a  ohma  ia  the  ehancteriatie  reatatanoe  of  apace,  Mbatitutliic  (3)  into 
(4)  and  (7),  and  performing  the  integration.  It  ia  found  that  t)|  •  0,OOOI26Uj,  Thua,  0,0324  of  1  percent 
of  the  energy  ia  loat  by  truncation  of  the  frequency  epectrum  at  f  •  3,4f|, 

In  thia  paper  the  higheat  aignifioant  frequency  cowtatned  in  a  gauaaian  pulae  la  Mmt  to  bo 
^  •  3,4fj  •  3,t/lft|,  The  "higntncant"  baee  width  of  the  time  fttnctien  ia  3  a  3,Sl|«  S,3t^,  Thua,  when 
t  j  •  13  «ie  the  pulae  duration  ia  ecnaidered  to  be  43,4  pa,  Tbo  higheat  oignlftoant  frequency  iit  thia  pulae 
ia  34, 44  Itca,  Ibe  half-amplitude  width  of  a  gauaaian  pulae  la  3, 3951^, 

The  Tranafar  Funotiena  for  Btaeta,  Sgharae,  and  Cylindere 

ft  la  readily  ritown  from  elementary  prlneiplee  of  alectrodyaamioa  that  the  tranafar  funotiona  for 
an  tnflnita  aheet  of  thleknaaa  d  for  parallel  incidence  of  the  aloctric  field  are  ' 


and 


^t<»  (9) 

E  ({)  (  co$  kd  ¥  1;  sin  kd* 

t  s 

where  E  ^  (f)  is  the  electric  field  emerfing  from  the  far  side  of  the  dieet,  E^  (f)  ie  the  incident  electric 
field,  and  E  ^  (f )  is  the  tangential  electric  field  on  the  near  aide  of  the  sheet. «  This  field  is  the  vector 
sum  of  the  incident  snd  reflected  fields.  E^(f)  »  E|  (f),  and  when  f  >  o,  E  ^  (f)  >  E  ^  (f)  because  of  skin 
effect  (refer  to  Figure  1). 


k.^  (1  -  j).  (11) 

where  a  ■  4#  a  10*1  henry/m  ie  the  permeability  of  space  and  «•  3.79  x  10^  mhos/m  is  ths  conductivity 
of  sluminum. 

In  deriving  (9)  and  (9),  a  time  dependence  of  the  form  exp(j9rft)  is  assumed. 

The  transfer  function  for  s  spherical  shell  ie 

H.(f)  . 

wm  * - 1  •  **** 

s'  eoeh  yd  +  yym  einh  yd 


Hsre.  is  the  magnslie  field  Ineide  the  epherical  shell,  H,  is  the  incident  magnetie  field,  a  ie  the  outer 
radius  of  the  shell,  b  is  the  iimer  radius  of  the  shell,  and  d*a>blsthe  shell  thickness. 


Ths  cylinder  transfer  functions  are 

E  ^(f)  (kb)Nj  (kb)  -  K^fkbMj  (kb)  ^ 

*  J*(ka)N  ,  (kb)  -  N*6ia>  J,<kb>  * 
and 

In  deriving  (14)  and  (19),  a  time  dependence  of  Ote  form  exp  (jltft)  is  assumed.  Here  a  and  b  are  the 
other  and  inner  radii  of  t)>e  tube,  respectively,  and  d  •  a  •  b  is  the  wall  thickneee. 


<■  The  subscripts  i,  o,  and  t  on  the  fields  mean  ^eide,  ^side  and  tangential,  respectively. 
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Now, 


(16) 


J,(kb)Nj(kb)  -  N^(kb)J,  (kb)  ■  - ’ 

(ThU  U  th*  WroiukUn  relmtion. )  On  combining  (14)  and  (15),  and  making  usa  ot  (IS), 


cot  kdr _ 1 _ 1  (17) 

[j^(ka)Nj(kb)  -  N^<ka>Jfj(kb) 


Thia  axpraiaion  permit!  calculation  of  the  ateady  Mate  field  widiin  Dm  cylinder  in  term!  of  the  total 
current  delivered  by  the  current  generator  directly  connected  by  wire  to  dte  end!  of  the  cylinder.  It 
i!  eeiumed  tiiat  the  current  U  uniform  in  t>ti!  circuit.  T)ii!  will  be  ttie  cane  IT  the  circuit  dimenatoni 
are  amall  in  terme  of  the  wavelength  of  die  higheM  eignificant  frequency  contained  in  the  MtorteM  current 
pulae  employed  in  tiiia  atudy. 


If  a  plane-wave  electric  field  is  directed  parallel  to  the  axia  of  an  iaolated  cylinder,  the  current 
l,(f)  at  it!  mid-point  ia  obtained  from  antenna  theory.  It  U  given  by  the  relation 


le<f) 


2h,(t)E, 

"z^fT* 


The  affective  lengdi  of  the  cylinder  ie  2)^,  and  Z,ls  it!  impedance. 
SO.  5,* 


If  0  Z  7  and  3h  •  'y 


(18) 


h 


2h,  (f)» 


h(0.  1) 

rrmSTv 


(18) 


and 


Z,(f) 


I 
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C  a  •  2 


(20) 


where  a  ia  the  cylinder  ahape  parameter.  It  ia 

0-  2  In*. 


(21) 


Ttie  length  of  the  cylinder  ia  2ib 


It  ia  of  IntareM  to  note  that  ca  f— eo^  the  tranafer  functiona  (8),  (8), 


(12),  (14).  and  (15)  become 


E,(o) 

E,^) 


plate 


E,(o) 

E^ToTI 


Iplale 


(22a) 

(22b) 
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1, 


(22c) 


Hj{0) 

H  (o) 


Ej(o) 

eToT 

t 

E^(o) 

osr 


Alto*  from  <iS)  at  f  o« 
I^o)  I 


_ 

2ro«d  ' 


(22d) 


(22e) 


(22{) 


Let 

0(f)«G,(fl  +  jGjtt)  (23) 

repreeent  any  one  of  the  forefoii«  trenefer  fuaettone.  It  can  be  readUy  verified  by  ejqMadinc  the  trifono- 
metrle,  hyperbolic,  and  Beaael  fuaetlona  In  sarlei,  and  examlninf  the  reaultiag  expraaelona,  that  they 
aatlefy  the  relation 

0*(f)  ■  G(-f).  (24) 

That  thla  heUa  for  (II)  follows  from  the  fact  that  (G  ■  Z^l'G,  as  an  Inspection  of  (20)  shows.  Expres¬ 
sion  (24)  sets  forth  an  iaiportant  property  of  atqr  transfer  function  applying  to  a  physically  realisable  sys¬ 
tem. 

From  (22) 

G(-()  ■  G,(-0  ♦  JOj(-fl.  (2U 

and  by  definition 

G*  (f)  ■  Q|(f)  -  lG,(f).  (21) 

It  ftdlows  that 

0,(f)  ■  Gjl-O  (27) 

is  an  sven  fttnctlsn,  and 

Gi(f)<-G,(-fl  (21) 

la  an  odd  function. 
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The  Form  of  the  Integra^ ««  be  Evaluated  by  a  Computer 

For  illustrative  purix>ae8«  let  it  be  supposed  that  the  time  function  of  the  electric  field  within  a 
hollow  cylinder  is  to  be  computed  in  terms  of  the  gaussian  pulse  current  the  generator  delivers  by  wire 
to  the  ends  of  the  cylinder.  In  this  instance*  G<f)  is  the  shorthand  notation  for  the  rlght*hand  side  of  (17)* 
Then, 

E^(f)  =  G(f)  I^(f).  <29) 

Ip(f)  corresponds  to  <2),  that  is, 

2Vf  )  (OC) 

I,(f)  =  e  * 

tor  •  current  pulee  In  the  time  domain  eorrespondin,  to  (1),  A  is  in  amperes,  and  I^(f)  in  amperes/Hz 
for  this  particular  situation. 

The  time  history  of  the  field  on  the  interior  of  the  cylinder  is  available  from  the  integral 


eJ**«dl 


-Af^^y^*jo,(f)  cos  2*ft  -  G,<f)  sin  2»ft 
♦  j  f3,(f)  sin  2fft  +  Oj(f)  cos  2itft]|e  df, 


(31) 


provided  the  time  dependence  assumed  in  deriving  G(f)  is  exp  (J2vft).  Since  G^ff)  and  cos  2f(t  are  even 
functions,  and  G^ff)  and  sin  2sft  are  odd  functions,  it  follows  that  (32)  reduces  to 


This  is  the  final  form  of  the  integral  to  bv  evaluated  on  the  computer.  Note  that  the  integral  is  necess¬ 
arily  real  because  s^(t)  is  a  real  function  at  time.  All  of  the  integrals  encountered  in  this  paper  con¬ 
cerning  the  various  shields  are  similar  in  form  to  (32).  The  constant  A  was  taken  as  unity  throughout 
the  work.  Of  course,  the  units  of  A  will  depend  on  the  shielding  problem  being  considered. 
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Discussion  of  Graphs 


Graph  1  shows  the  amplitude-time  relation  of  some  of  the  input  gaussian  pulses  used  in  the  num¬ 
erical  study.  Specifically,  pulses  are  drawn  tor  values  t,  of  6,  12,  24,  and  48  ps.  Note  that  the  peak 
amplitude  of  unity  recurs  at  zero  time.  The  pulses  are  symmetrical  on  the  time  scale. 

Graph  2,  based  on  (9),  gives  the  steady-state  transfer  characteristic  relating  E^(l)  to  E^ff)  lor 
an  infinite  aluminum  plate  of  thickness  1/32  inch,  1/18  inch,  and  1/8  inch.  For  example,  for  a  1/16- 
inch  plate  at  15  kes,  the  field  emerging  from  the  plate  E^if)  is  30  db  below  the  tangential  field  E^(f)  on 
the  other  side  of  the  plate. 

Graphs  3,  4,  5,  and  6  give  the  time  history  of  the  field  e^(t)  emerging  from  the  plates  of  desig¬ 
nated  thicknesses  in  terms  of  e^ft)  lor  values  of  tj  of  6,  12,  24,  and  48  pa,  respectively. 

The  value  of  (o)  is  1  volt/m.  Note  that  in  all  cases,  the  attenuation  of  the  field  is  no.  gt  eat,  but 
progressively  Increases  with  plate  thickness  and  decreasing  values  of  tj.  The  waves  are  retarded  In 
time  in  propagating  through  the  plates,  as  should  be  anticipated.  The  delay  increases  with  plate  thick¬ 
ness. 

Graph  7,  based  on  (8),  la  like  Graph  2,  except  that  e^  (t)  replaces  e^  (t). 

Graphs  8,  9,  10,  and  11  correspond  to  Graphs  3,  4,  5,  and  6,  respectively,  except  that  e^(t) 
replaces  e^  (t).  Note  that  the  wave  shapes  are  very  much  alike,  but  the  amplitude  scale  is  vastly 
different.  Graph  8  shows,  for  example,  that  when  the  peak  value  of  e  (t)  is  1  volt/m,  t  6  ps,  and 
d  =  1/32  inch  the  peak  value  of  e  j(t)  is  about  1. 61  x  10*'  volts/m,  and  occurs  at  0.  01  ms.  If  e^  (t)  » 
lo’  volts/m,  ej^it)  -  0,0181  volts/m.  Note  that  e^it)  undergoes  reflection  at  the  boundary  surface,  and 
this  accounts  for  the  large  attenuation  afforded  by  the  sheet. 

Graph  12,  based  on  (12),  gives  the  steady-state  transfer  characteristic  relating  Hj(f)  to  (f) 
for  a  36-lnch  spherical  shell  made  of  aluminum  having  wall  thicknesses  of  1/32  inch,  l/lB  inch,  and 
1/8  inch.  As  an  illustration,  for  a  1/18-inch  wall  38-lnch  sphere  st  7  kes,  the  magnetic  field  H^(f)  on 
(he  Interior  of  the  sphere  is  56  db  below  the  incident  magnetic  field  H  (0. 

Graphs  13,  14,  15,  and  19  give  the  time  history  of  the  magnetic  field  h  j(t)  inside  the  36-lnrh  spheres 
of  designated  wall  thicknesses  when  the  magnetic  field  h,(o)  >  1  ampere/m  for  t^  values  of  24,  48,  96,  and 
1000  ps,  respectively.  As  expected,  as  the  pulse  length  Increases,  the  field  hj (t)  increases.  The  thicker 
the  shield,  the  more  effective  it  becomes.  Note  the  severe  distortion  of  the  Incident  pulse  in  propagating 
into  the  Interior  of  the  sphere. 

Graph  17  la  like  Graph  12,  except  that  it  applies  to  a  72-inch  spherical  shell. 

Graphs  18,  19,  20,  and  21  correspond  to  Graphs  13,  14,  15,  and  16,  respectively,  except  that  the 
computations  were  carried  out  for  s  72-lnch  spherical  shell. 

Graph  22,  baaed  on  (14),  gives  the  steady-state  transfer  characteristic  relating  (f)  to  E^  (f)  for 
a  cylinder  22. 08  feet  in  length  and  16  inches  in  diameter  when  the  wall  thicknesses  arc  1/32  inch,  1/16 
inch,  and  1/8  inch. 


Graphs  23,  34,  and  25  give  the  time  history  of  the  field  (t)  in  the  Interior  of  the  above  cylinder 
when  e^  (o)  =  1  volt/m  for  tj  values  of  6,  12,  and  24  ms.  These  graphs  applying  to  finite  cylinders  have 
much  in  common  with  Graphs  3,  4,  and  5  applying  to  infinite  plates. 

Graph  28,  computed  from  <14),  (15),  and  (18),  permits  one  to  obtain  the  db  ratio  of  B  ^(f)  to  B^(f) 
under  steadystate  conditions  for  a  cylinder  22. 08  feet  in  length  and  IS  inches  in  diameter,  when  the 
plate  thickness  and  frequency  sre  specified. 

Graphs  27,  28,  and  29  furnish  the  time  history  of  *^(t)  for  a,(o>  of  1  volt/m  for  the  deeifnated 
cylinder  for  tj  values  of  6,  12,  and  24  ms  end  for  wall  thiekneseea  of  1/53  indi,  1/18  inch,  and  1/8  inch. 
Note  that  the  interior  field  is  extremely  minute  in  terms  of  tiie  incident  field.  Most  of  title  attenuation 
is  due  to  the  fsct  Utat  the  incident  field  ie  refie^ad  by  the  cylinder;  the  field  e^  (t>  is  extremely  email 
compared  to  e,  (t).  Observe  that  the  field  on  the  interior  of  the  cylinder  la  oacUlatmry  in  natitre.  This 
le  accounted  for  by  the  fact  that  the  transfer  characteristic  E^(f>/Bg(f),  obtained  by  eliminating  1,0) 
between  (IT)  and  (18)  rises  with  increasing  frequency,  and  tiien  {alls  off  as  the  frequency  is  stlU  farther 
increased,  as  Graph  26  shows.  No  other  transfer  functions  emptoyed  in  this  paper  exhibit  this  property. 
The  phenomsnon  is  not  to  be  attributed  to  antema  rasonance.  The  cylinder  remains  short  in  terms  of 
the  wavelength  of  the  highest  significant  frequency  tontaiued  in  the  shortest  pulse  considered  in  the 
analysis. 

Graph  30,  computed  from  (IT),  furnishas  the  ratio  of  B^(f)/t^(f)  as  a  function  of  frequency  for  a 

cylinder  23. 08  feet  in  length  and  18  inches  in  diameter  having  wall  thleknsssee  of  1/33  inch,  1/18  inch, 

and  1/8  inch.  Thus,  for  a  total  current  in  any  cress  sectioo  of  the  cylinder  of  1  ampere,  the  field  in  tha 

•I# 

interior  of  the  cylinder  will  be  10  volta/m,  if  the  frequency  is  ISO  kce  and  the  cylinder  wall  thleknese 
1$  1/8  inch. 

Graphs  31,  33,  and  33  give  tha  time  history  of  e^(t>,  when  i^(o>  is  1  ampere,  for  the  cylinders 
mentioned  above  (or  tj  values  of  It,  34,  and  48  ms. 

Graph  34  is  the  same  as  Graph  30,  but  is  computed  (or  a  cylinder  108  inchee  in  diameter,  80  feet 
4  inches  in  hei.'lit,  and  having  a  wall  tiitekaeee  of  1  /4  inch.  These  dimensions  are  reported  to  apply  to  a 
Jvpitsr  missile. 

Graph  38  presents  the  time  history  of  the  electric  field  e^  (t>  Inside  a  Jupiter  missile  stripped  of 
Interior  eomponente  when  i^(o)  ie  1  ampere  for  tj  vsluee  of  84,  48,  and  It  ms.  Observe  that  the  heigM 
dimension  of  tha  missile  Is  sufficiently  small  that  the  current  is  uniform  in  the  circuit  oonnectlag  the 
ends  of  the  mlselle  to  tha  cut  rent  pulse  generator. 

Table  i  presents  the  decibel  ratio  of  the  energy  svsilable  in  the  emerging  piaae«wave  pulse  from 
the  far  side  of  the  plate  to  ti«e  energy  in  the  iiHpinging  plana>wave  pulse  on  the  near  side  of  the  plate  (or  the 
cases  of  tangential  and  Incident  etactric  fields.  TTm  decibel  ratio  of  the  propsaatad  and  imptngiag  pulse 
peaks  In  tha  various  situations  described  in  tha  papar  ie  easily  obtained  hr  inspeetiofw  hence  tablee  are 
not  provided. 


TABLE  I 


Decibel  Ratio  of  Energy  Available  in  the  Emerging  Plane-Wave  Pulse 
from  the  Far  Side  of  a  Plate  to  the  Energy  in  the 

Impiiiging  Plane-Wave  Pulse  on  the  Near  Side  of  the  Plate 

(a)  (b) 

Case  of  the  tangential  Case  of  the  incident 

electric  field  electric  field 

d 

4 

db 

d 

db 

1/32  inch 

6US 

-  4 

1 /32  Inch 

6  nh 

-138 

1/16  inch 

6  us 

-  6 

1/16  inch 

8 

-147 

1/8  inch 

8  us 

-11 

1/8  inch 

G 

-158 

1/32  Inch 

12  ua 

•  3 

1/32  inch 

12  us 

-138 

1/18  inch 

12  us 

-  5 

1/18  inch 

12  us 

-145 

1/8  inch 

12  us 

-  9 

1/8  inch 

12  u* 

"laa 

1/32  Inch 

24  us 

•  3 

1/32  inch 

24  u* 

-138 

1/18  inch 

24  us 

4 

1/18  inch 

24  us 

-144 

1/8  inch 

24  us 

•  8 

1/8  inch 

24  us 

-153 

1/32  inch 

48  US 

-  3 

1/32  inch 

48  u* 

-138 

1/18  inch 

48  us 

-  4 

1/18  inch 

48  u* 

-144 

1/8  inch 

48  us 

-  5 

1/8  inch 

48  us 

-151 

Tabu  i  wai  computed  from  the  relation 


Cottcludinf  Remark* 

The  ahieidinf  action  of  aluminum  platea,  epherleai  Mieila,  and  hoUow  cylinder*  to  traneient  tm> 
pinfing  (ielda  and  eurrenta  haa  been  inveatigated  rigoroujly.  It  ha*  been  aaaumed  that  the  forcing  pulie* 
contain  no  frequenciaa  lufficiently  high  to  excite  reeonance*  in  the  epherleai  aheii*  or  hollow  cylinder*. 
The  loweat  mode  of  a  perfectly  conducting  epherleai  ehell  I*  •  2, 2Sb,  where  b  i*  the  inner  radiua. 

The  loweet  radial  mod*  for  a  perfectly  conducting  cylinder,  when  the  exciting  electric  field  ia  parallel  to 
the  axU  of  the  cylinder,  ia  2.  tib,  where,  again,  b  i*  the  inner  radiua.  The  loweat  longitudinal 
mode  fur  tt«e  cylinder  occur*  ulien  thaXti.  A  moment'*  inveitigation  will  reveal  that  all  of  the  cavity 
ehield*  atudied  in  0ii*  report  have  dlmenaiona  eufficlently  amali  th.ot  no  reaonancea  can  be  excited  by  a 
frequency  f,  >  (S.  96  kca,  which  correapond*  to  tj  >  6  «*.  Thie  i*  the  anvatleat  value  of  t|  of  any  gauaaian 
pulae  conaidered  in  the  preaent  analyaia. 

It  ahould  be  evident  to  the  reader  that  the  ua*  of  gauaaian  pulao*  i*  not  dictated  by  any  theoretical 
conaiderationa.  Suppoa*  e^(t)  rorreaponding  to  a  iightnini;  fiaan  It  n.eaaured.  Then,  E^ff),  the  forcing 
function,  can  be  found  by  numerical  Integration,  by  uaing  a  truncated  form  of  the  Fourier  integral 
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E  (f)  •  I  e  (t)e^*''**dt, 

for  pkMin(  from  ttm*  to  th«  freqoaney  domain. 

Havlaf  found  th«  frtqiMney  ■poetrum  B,(f)  eorratponding  to  the  tint  timetion  on*  can 
find  e^(t)  numarlealty  by  utin(  a  truneatad  form  of  tb*  Pouriar  Magral 

ajt*)  •(  G<f>E,(f)al*^*ai. 

Thua,  a  |^(t)  can  ba  found  for  any  arbitrary  wava  ahape  e,(t)--Juat  aa  aaaily  aa  waa  dona  for  tauaaiaa  im* 
pinfinf  pttlaaa  uaad  in  thia  raport. 

Cantar-loadad  alaetrte  dipdaa  may  ba  ptacad  aadaUy  in  tha  eyltadora,  and  iiapadaaea*toadad 
loopa  in  tha  apharteal  ahalla.  and  tha  anargy  in  tha  loada  avaluatad  undar  tranaioBt  eondltiana.  Conatdar- 
aUon  of  thaaa  iataraatiai  probtama  ia  raaarvad  for  aaothar  paper. 
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APPENDIX  I 


THE  NECESSITY  FOR  KNOWING  THE  TIME  DEPENDENCE  EMPIDVED 
IN  DERIVING  THE  TRANSFER  FUNCTIONS 


It  h(i  been  itreeied  that  the  time  dependence  employed  in  dnrlving  the  traniler  functiona  given  in 
this  paper  for  aheetS)  apherea,  and  cylindera  ia  exp  <j2ift>.  I'  the  time  depend'oce  exp  (-jgrftl'-favored 
by  many  electrodynamiata  -•  had  been  aaaumed  in  the  deveiopment  of  (il>.  for  example,  the  effect  would 
have  been  to  aubatitute  k  for  y ,  The  tranafer  function  then  becomea  G*(0  inatead  G(f>  •  Hj(f)/H^(f). 

To  obtain  meaningfui  reaulta  in  the  aolution  of  tranaient  problema  thia  change  muat  be  reflected  by  appro¬ 
priate  aign  changea  in  the  exponenta  of  the  Fourier  tranaforma  for  paaaing  from  the  frequency  to  the  timv 
domain,  and  vice  veraa, 

Conaider  a  aariea  RL  circuit  (aaaumed  to  be  linear).  The  driving  voltage  ia  e(t>  and  t)w  current 
in  the  circuit  ia  i(t).  The  differential  equation  ia 

eft)  •  +Ri(t). 

at 

Let  eft)  •  e^**^  Then,  ift)  ■  0(f)e^"** where  GfO  •  i/fR  +  JwL).  Conatruct  tlte  following  tabU, 


APPENDIX  U 


NOTES  ON  THE  MACHINE  EVALUATION  OF  THE  CYLINDER  TRANSFER  FUNCTION 

I<ct 

*  WW-WW  M 

wh«r«  ^ii‘  i  2.  Alao  datlM  (|  *’  l(tniMU) 

a,  Ai  mantloiMd  iBt)M  body  ot  th«  papar,  aa  (-«  o,  0(o>  o>  ■  I  a  je, 

b.  Whan  o  <Rj.z^i  S,  Ola^i ij) may  ba  avaluatad  dlraetty  uainf  atB|la-praetaton ariRmiatio 

’  (36  bita):  howavar,  when  6  '<  R^((|)>  eaaiwt  ba  aeeurataly  avalaatad  diractty  uaiiig 

ain(la*practtlM  arithmatle  baeauaa  of  loaa  of  aisniflcant  dlfita  tn  tha  aifbtraetloaa.  b  Ua« 
of  ba  axtrama  dUfictilUaa  ancountarad  b  avabatbc  0(a^,  B|>  arlth  multlpla-practaion 
arithmatle,  tha  foUowlni;  approalmatioa  waa  uaad, 

Lat 


V'f 'idaSTy* 

arhara 

D  -  M  •  Nj(a|)  |j,(a,>  -  V*l>}  *  {**a<*^  * 

R  U  now  poaaibla  to  axpaad  J^<t)  and  N^(a)  b  a  Taybr  aartaa  abeat  ij.  RaoaUtag  that  Sp  *  1 1 i 

V*J  *  •’  *  V*l>  ’  *^a  *  Ir  ♦  [f  (t,>  ♦  .  •  • 

A  aimllar  aapanaloa  bidda  for  N,(a|  a  t)  •  M,(S|K  Cembtolm  powara  of  K  and  raaUaiag  bat  all  Baaaal 
fWtetioiia  new  have  tj  for  thair  argamaM.  ytalda 

D.  m.i{n,j;.  j,n;}  ' 

arban  C,  «  1*1  ^a'*  ^  ramaiaa  to  aaaluata  C,. 

By  virtna  of  tha  raUtloaahipa  ^  *  *^1  and  N  '  «  -Nj,  It  fbllewa  that  «  0. 

Sbea  and  N,  aatlaiy  Baaaat'i  aqaatleiv 


J'  <i) 

(a>  •  -  - 


N»<a> 

-V  -  »• 

•  • 
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Differentiating  S**(z)  and  N~(z)  yieldi 


J^*)  Jf  (a) 

Jn*)  - - +  —5 - J'(x), 

o  z  z*  » 


N‘^(z) 


N~'(z)  -- 

4 


t-— i--  N<<z). 

I*  • 


At  before,  the  terms  involving  J^and  Nf  cancel  and 

0  9 


e  Z 


M  . 

X. 


Differentiating  again  yields 

J—  J-  J* 

J—  •  --i+  2-5  -  2-5  -  J** 

1  X  f2  e 

a  eiiiiUar  expretxion  holds  for  .  Now, 

C. 


It  wax  decided  that  four  terms  of  the  expansion  would  be  satisfactory  for  batter  than  1-pereant 
accuracy  in  the  range 

S  <  R^(Xj)  4  20. 

One  may  now  write 


_ 

“■|r  “  * 


21  ,1.^  Tj 


This  approximation  was  used  for  >  <l^(a))dl  20, 

c.  For  i^(S|)  >  20,  two  terms  of  the  asymptotic  expansion  may  be  used. 
Wx  have. 

M* 


'  «^2h^^2"h]  1' 
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yielding 
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ired  in  the  propagation  of  gaussian  polaes  through  aluminum  walls 
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;e  plate.  Steady-state  transfer  characteristic  relating  to  E. 
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KILJXYCLES/SEC 


MI.USECONDS 


Graph  8  -•  tnflnita  pUte.  e,(o)  ■  )  volt/m;  t|  ■  6  pa 


Graph  9  -*  Innnite  plate,  e  (o)  ■  1  voh/m:  t,  ■  12  pa 

O  i 


Graph  10  --  Infinite  plate.  c^(o)  »  1  volt/m:  tj  ■  24  ps 
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Gr^h  11  --  Infinite  plate.  e^(o)  =  1  volt/m:  tj  "  48  ps 
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Graph  16  --  Sphere  36  inches  in  diameter,  h^(o)  ■  1  ampere/m;  tj  =  1000  ps 
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Graph  18  —  Sphere  72  inches  in 
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Griqi>h  21  --  Sphere  72  inchee  in  diameter.  h^(o)  ■  1  ampere/m:  t|  *■  1000  it* 
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VDlt/m;  t.  >  12  IA8 
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Graph  27  --  Cylinder.  e^(o)  =  1  volt/m;  tj  ■  6  ps 
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Graph  28  --  Cylinder.  e^(o)  »  1  volt/ra;  ■  12  ps 
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Graph  29  --  Cylinder,  e  (o)  »  I  volt/ir;  t,  =  24  us 
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Graph  33  --  Cylinder.  io(«>  '  1  ampere;  tj  =  48  /as 
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Graph  32  —  Cylinder.  1^(0)  *  1  ampere;  tj  =  24  ps 


Graph  31  --  Cylinder,  i  (o)  ■  1  ampere;  t  ■  12  ps 

9  X 
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Graph  34  -  -  Jupiter  missile.  Stea«ly-state  transfer  characteristic  relating  E  to 


Graph  35  --  Jupiter  missile.  i^<o)  »  1  ampere;  tj  »  24,  48,  and  96  fit 
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hS.  THE  SANDIA  RF  TESTING  FACILITY 
USING  LOW-LEVEL  ELECTROMAGNETIC  RADIATION 
A  STATUS  REPORT  * 

C,  W  Cook 

Sandia  Corporation 
Albuquerque,  New  Moxiro 


INTRODUCTION 


In  1958.  Sandia  Corporation  (Organization  1424)  atarjted  pluming  a  radio 
frequency  (RF)  facility  which  would  determine  the  auaceptibility  of  a  system  to 
electromagnetic  radiation  (EMR).  A  low-power  facility  (less  than  1  watt)  was 
decided  on. 

The  first  consideration  resulting  from  the  selection  of  the  low-power 
facility  was  that  of  developing  a  detector  with  which  to  instrument  the  electro¬ 
explosive  device  (EED)  bridgewires  so  that  the  amount  of  energy  being  dis¬ 
sipated  could  be  measured.  Prior  to  this  time,  thermocouples  had  been  used 
to  instrument  EED's;  but  the  thermocouples  weren't  sensitive  enough  for  the 
type  of  facility  being  built. 

There  are  two  basic  means  of  detecting  RF  signals:  the  superheterodyne 
system  and  the  crystal  video  system.  Either  one  of  these  methods  could  prob¬ 
ably  have  been  developed  into  a  satisfactory  RF  detector;  but,  after  considerable 
study,  the  crystal  video  system  was  decided  upon.  The  choice  of  this  system 
eliminated  one  difficult  prtAlem:  no  RF  switching  was  required  in  the  receiver. 
However,  the  crystal  video  detector  is  not  faultless:  it  is  a  very  broad  band 
detector  and  thus  picks  up  many  unwanted  signals.  To  eliminate  unwanted  sig¬ 
nals,  a  phase-locked  receiver  had  to  be  employed.  The  detector  and  receiver 
currently  used  in  the  low-power  facility  are  described  in  detail  in  this  paper. 

The  capabilities  and  advantages,  as  weU  as  the  limitations,  of  the  Sandia 
Corporation  low-power  RF  test  'acllity  are  discussed  in  this  paper,  and  the 
techniques  of  testing  and  methods  of  automatic  data  acquisition  are  described. 

*  Developmental  facility  described  in  Proceedings  of  Hero  Congress,  1961, 
reference  paper  No,  37. 
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CRYSTAL  VIDEO  DETECTOR 


The  criteria  that  controlled  the  design  of  this  detector  v^ere; 

1.  The  detector  would  have  to  be  able  to  measure  the  power  being 
absorbed  in  the  bridgewire  regardless  of  the  balance  of  the  input 
circuits  to  the  bridgewire  circuit.  It  would  have  to  measure  the 
actual  power  absorbed,  no  matter  what  else  was  happening. 

2.  Neither  the  detector  nor  its  lead  wires  would  pick  up  any  stray  RF 
which  would  result  in  a  false  indication. 

3.  The  detector  would  have  to  present  a  very  high  Impedance  across 
the  bridge  circuit  so  that  the  system  would  be  essentially  the  same 
as  before  the  detector  was  put  in  place. 

4.  The  cable  which  runs  from  the  detector  to  the  receiver  would  have 
to  go  through  the  canfiguration  of  whatever  was  being  instrumented 
with  as  little  disturbance  as  possible. 

The  present  system  has  essentially  met  all  of  the  above  basic  requirements, 

The  evolution  of  the  video  detector  to  its  present  configuration  is  Uluii- 
trated  by  Figure  1.  Detectors  A  and  B  were  never  used  in  a  susceptibility  test 
because  they  were  too  large  for  easy  installation.  Detector  C  has  been  used 
in  five  systems  with  good  results.  Detector  D  is  the  current  miniaturized 
model. 

The  miniaturised  detector  is  basically  a  Sylvania  1N830  diode,  as  shown 
by  the  schematic  (Figure  2).  The  small  capacitors  serve  as  RF  filters.  The 
33  K  resistors  are  used  to  insure  good  isolation.  Resistors  larger  than  33  K 
increase  the  noise  level  of  the  whole  system,  thereby  increasing  the  threshold. 
One -tenth  volt  was  selected  as  the  threshold  output  tor  the  receiver  (0. 1  volt 
gives  a  fairly  stable  signal,  well  above  the  noise  level).  The  amount  of  energy 
being  absorbed  by  a  bridgewire  to  produce  this  signal  varies  with  each  EED 
and  with  different  frequencies.  Consequently,  each  EED  has  to  be  calibrated 
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at  each  test  frequency.  Tests  are  now  run  in  a  band  from  700  kc  to  10  kmc. 
Fifty-seven  discrete  frequencies  are  used  for  each  test. 

The  video  detectors  are  cadibrated  by  establishing  a  reference  point 
with  thermistor -instrumented  EED's.  A  milliwatt  of  DC  power  is  fed  to  the 
bridgewire  of  the  thermisror-instrumented  £ED;  the  output  obtained  from  the 
thermistor  bridge  is  taken  as  a  reference  point.  In  order  to  find  the  equivalent 
heating  due  to  RF,  the  same  bridgewire  is  fed  RF  directly.  When  the  bridge 
circuit  responds  the  same  to  RF  as  it  did  to  the  DC,  equivalent  heating  has 
been  established.  Once  this  reference  point  has  been  established,  the  signal 
generator  setting  is  not  changed.  The  thermistor-instrumented  unit  is  then 
replaced  with  a  video -detector-  instrumented  unit.  With  this  setup,  attenua¬ 
tion  is  added  until  the  receiver  has  0. 1  volt  output.  The  algebraic  difference 
between  these  two  readings  is  the  sensitivity  of  the  detector  at  the  particular 
frequency  being  tested, 

To  limit  component  modification,  the  detector  was  miniaturized.  The 
big  advantage  of  the  miniaturized  video  detector  is  that  it  requires  no  modifica¬ 
tion  of  the  system  external  to  the  EED. 

In  1962,  Denver  Research  Institute  developed  a  configuration  for  the  com¬ 
mercial  components  which  was  much  smaller  than  the  detectors  which  had  been 
used  in  several  teats.  The  miniaturized  detector  which  is  installed  within  the 
EED  case  has  characteristics  very  similar  to  the  older  models.  Figure  3  is  a 
calibration  curve  for  a  miniaturized  video  detector. 

A  note  should  be  added  about  the  instrumentation  cable  connecting  the 
receiver  and  the  video  detector.  Tests  have  shown  that,  to  insure  against  stray 
RF  pickups,  a  double  shielded  c^le  must  be  used.  Commercial  cables  or 
fabricated  cables  have  been  used  satisfactorily.  The  main  requirements  are 
that  the  shields  be  electrically  isolated  except  at  the  termination  and  that  the 

tin 

terminations  make  a  good  RF  ground  to  the  system's  skin. 


*A  more  complete  discussion  of  shielding  can  be  found  in  the  following 
reference:  Cook,  C.  W. ,  "Electromagnetic  Radiation  Susceptibility, "  Sandia 
Corporation  Technical  Memorandum  399-62(73);  RS  3423/1137. 


45-3 


The  output  of  the  video  detector  is  fed  into  a  Tektronix  Type  E  differen¬ 
tial  amplifier.  The  differential  amplifier  supplies  70  db  of  rejection  for  in- 
phase  signals  fed  to  its  input.  However,  from  Figure  2  it  can  be  seen  that  a 
voltage  appearing  at  one  end  of  the  bridgewire  will  be  read  to  some  degree  by 
the  receiver.  Configurations  can  be  envisioned  where  a  voltage  would  be 
present  at  the  ends  cf  the  bridgewire  but  not  actually  dropped  across  the  bridge 
wire.  Reading  a  signal  of  this  nature  would  amount  to  false  detection.  An  ex¬ 
perimental  measurement  of  the  isolation  from  unwanted  signr.ls  is  shown  in 
Figure  4. 

The  measured  isolation  indicates  that  meaningful  data  can  be  obtained 
from  any  EED;  however,  the  type  of  circuit  which  would  produce  a  condition 
for  false  detection  is  rare  in  present  weapon  systems. 


HOMODYNE  RECEIVING  SYSTEM 


Originally,  one  receiver  (Figure  S)  was  used  at  the  facility.  Testing 
with  one  receiver  was  very  time-consuming,  and  the  old  system  had  no  effi¬ 
cient  means  of  presenting  the  data  for  rapid  processing.  Early  tests  showed 
that  there  was  a  definite  need  to  rotate  the  system  being  tested  with  respect 
to  the  transmitting  antenna. 

In  planning  the  new  receiving  system,  provisions  were  made  for  auto¬ 
matically  rotating  the  hoist  table.  The  new  system  has  four  identical  receivers 
(Figure  6)  which  cut  the  time  required  to  take  the  data  by  a  factor  of  4.  Figure  7 
is  a  block  diagram  of  one  of  the  receivers  which  comprise  the  present  system. 

A  1000-cps  square  wave  with  a  variable  time  delay  is  used  to  obtain  100 
percent  modulation  of  the  transmitter  output.  Another  square  wave  from  the 
same  origin  is  used  to  switch  a  diode  bridge  in  the  homodyne. 

By  getting  the  detector  output  (1000-cps  square  wave)  phased  with  the 
homodyne  switching  square  wave,  a  peak  is  obtained  from  the  output  of  the 
homodyne.  The  output  of  the  homodyne  is  a  DC  voltage  which  is  proportional 
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to  power  in  the  bridgewire  of  the  instrumented  EED.  From  the  threshold  of 
the  video  detectors  to  40  db  above  this  level  the  video  detectors  are  square 
law. 

As  shown  by  the  diagram^  the  necessary  conversions  are  made  so  that 
the  data  is  finally  simultaneously  typed  and  punched  on  paper  tape.  The  typed 
copy  gives  an  immediate  survey  of  the  data  being  taken. 

Because  of  the  broad  band  covered  (700  kc  -  10  kmc),  the  degree  of 
susceptibility  varies  greatly.  At  frequencies  above  50  me,  the  angle  of  the 
system  with  respect  to  the  transmitting  antenna  is  an  important  factor.  These 
two  factors  necessitated  the'  incorporation  of  a  memory  circuit  and  an  auto¬ 
matic  attenuator.  Since  the  maximum  susceptibility  for  a  given  configuration 
is  of  most  concern,  a  memory  circuit  has  been  employed  v/hich  measures  only 
the  peak  obtained  during  a  complete  rotation  of  the  hoist  table.  The  position 
of  the  hoist  table  which  caused  the  maximum  reading  is  also  memorized.  At 
the  completion  of  a  rotation,  the  channel  number,  peak  response,  and  angle  at 
which  peak  response  occurred  are  recorded  on  the  data  tape.  The  homodyne 
has  a  dynamic  range  of  approximately  10  db;  therefore,  to  read  signals  larger 
than  10  db  above  threshold,  an  automatic  attenuator  on  the  input  to  the  receiver 
had  to  be  added. 

To  insure  that  all  receivers  are  working  properly  and  that  the  gains  have 
not  changed,  a  low-level  signal  is  fed  into  each  receiver  before  a  scan  is 
started.  If  the  proper  reading  is  obtained,  the  scan  is  made  and  recorded. 

The  present  system  which  employs  four  receivers  has  completed  a  test 
of  four  configurations  across  a  spectrum  of  57  frequencies  in  8  days.  Two 
days  after  the  completion  of  the  test,  the  data  had  been  corrected  for  field 
strength,  detector  sensitivity,  and  the  100  percent  no-fire  level  (NF)  of  the 
EED.  Figure  8  illustrates  the  final  presentation  of  the  data. 


45-5 


TEST  ENVIRONMENT 


For  a  system  response  to  have  meaning,  it  must  be  related  to  a  specific 
environment.  A  defined  and  repeatable  environment  is  also  essential  in  eval¬ 
uating  system  modifications  or  fixes. 

The  EMR  environment  at  Sandia's  facility  is  set  up  as  accurately  as  pos¬ 
sible  and  is  then  monitored  continuously.  The  field  strengths  in  the  700  kc  - 
1  kmc  band  are  measured  with  an  Empire  Devices  NF-205  field  intensity  meter. 
Since  the  measurements  below  30  me  arc  made  in  the  induction  zone  of  the 
radiating  antenna,  a  theoretical  correction  factor  has  to  be  applied  to  the  read- 

ii< 

ings  below  30  me.  Above  1  kmc,  the  field  strengths  are  calculated  from  data 
provided  by  Polarad.  For  monitoring  purposes  a  video-detector-instrumented 
EED  is  attached  to  an  appropriate  antenna  and  placed  at  a  fixed  location  on  the 
ground  plane.  This  detector  is  read  on  each  scan. 

To  facilitate  rapid  testing,  direct  tuning  signal  generators  are  now  used. 
For  comparison  purposes  Figures  9  and  10  show  the  old  and  new  transmitter 
setups. 

Figure  1 1  shows  the  relationship  between  the  antenna  locations  and  the 
hoist.  The  covered  material  between  the  antenna  and  the  hoist  is  an  RF  absorb¬ 
ing  material  used  to  reduce  ground  plane  reflections  at  the  VHF  and  UHF  fre¬ 
quencies. 


^Correction  factors  from  "Memo  to  File,  March  1960"  by  P.  Gelt,  1424, 
Sandia  Corporation. 
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ADVANTAGES  AND  LIMITATIONS  OF 
SANDIA'S  LOW -POWER  FACILITY 


Advantages 

The  present  system  offers  rapid  testing  over  a  very  wide  spectruni  with 
continuous  receiver  checks.  The  data  is  immediately  available  for  evaluation. 
Any  susceptible  areas  are  pinpointed  as  they  are  reached. 

The  facility  is  especially  useful  for  evaluating  internal  fixes.  Fix  evalua¬ 
tion  is  made  possible  by  results  which  are  repeatable.  Tests  that  have  been 
repeated  after  several  months  indicate  that  the  original  responses  can  be  re¬ 
peated  to  within  1.  5  db. 

Above  150  me,  aircraft  and  umbilical  cables  have  a  diminishing  effect; 
consequently,  a  system's  response  can  be  determined  without  any  external 
simulation.  The  mode  of  entry  for  microwave  energy  is  easily  pinpointed  by 
observing  the  position  of  the  system  at  which  the  maximum  response  occurred. 
The  increase  in  susceptibility  due  to  open  access  doors,  discontinuities,  etc., 
is  easily  determined. 

Limitations 

The  size  of  the  system  which  can  be  tested  is  limited.  Aircraft  cannot  be 
used.  Results  have  shown  that,  below  50  me,  external  cables  are  the  only  mode 
of  entry  for  RF.  To  evaluate  a  system  below  50  me,  the  aircraft  and  the  umbil¬ 
ical  cable  have  to  be  simulated.  For  this  simulation,  an  external  cable  is 
attached  to  the  pullout  plug.  It  should  be  emphasized  that  the  external  cable  is 
merely  simulating  the  mode  of  entry.  However,  comparisons  with  field  uaU 
indicate  that  a  resonant  unshielded  cable  is  a  worse  condition  than  an  unracked 
weapon. 

A  second  limitation  is  that  all  readings  have  to  be  extrapolated  if  the 
response  to  actual  field  conditions  is  desired.  The  system  being  tested  can  be 
considered  to  be  a  maze  of  R,  L,  and  C.  These  are  linear  elements.  There¬ 
fore,  it  is  felt  that  a  linear  extrapolation  is  justified.  The  validity  of  low-power 
testing  is  discussed  in  further  detail  in  another  section. 


AREAS  THAT  CAN  AFFECT  OATA  VALIDITY 


During  the  checkout  of  the  present  receiving  system,  several  factors 
were  discovered  which  can  radically  affect  (variations  greater  than  6  db)  the 
results  of  an  EMR  test.  The  automatic  cycling  and  visual  date  readout  of  the 
receiving  system  permit  easy  checks  of  data  reruns. 

From  many  reruns  it  was  discovered  that  moisture  condensation  inside 
a  system  can  vary  responses  radically.  The  data  indicates  that  moisture  tends 
to  increase  responses  although  many  cases  were  observed  where  the  opposite 
was  true.  Repeatable  data  could  be  obtained  only  when  the  system  was  dry  (no 
observable  moisture).  The  dry  condition  is  felt  to  represent  the  most  realistic 
condition,  since  all  WR  systems  are  sealed  and  have  desiccant  inside. 

A  second  variable  was  discovered  when  it  was  found  that  on  some  days 
all  channels  responded  higher  at  frequencies  below  30  me  than  they  had  pre¬ 
viously.  This  difference  was  finally  traced  to  the  grounded  vertical  antenna. 
The  amount  of  energy  radiated  from  the  yertical  antenna  varied  with  ground 
and  atmospheric  conditions.  When  this  was  discovered,  an  Empire  Devices 
NF-205  field  intensity  meter  was  employed  to  monitcr  the  radiated  field 
strength.  After  the  environment  was  made  repeata'^le,  the  data  became  repeat- 
able. 


VALIDITY  OF  LOW- POWER  TESTING 


How  does  low-power  testing  relate  to  the  actual  environment  which  pro¬ 
duces  much  more  than  50  microamps  in  the  bridgewire  (50  microamps  is 
approximately  the  threshold  level  of  the  video  detector)?  One  test  has  been  run 
which  verifies  the  validity  of  extrapolating  from  low  levels  to  actual  environ¬ 
ment  levels.  This  test  was  run  at  10  kmc,  using  a  parabola  and  a  horn  to 
transmit  and  a  parabola  to  receive.  A  video-detector-instrumented  EED  was 
placed  at  the  focal  point  of  the  receiving  parabola.  With  the  transmitter  turned 
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down,  the  energy  being  absorbed  by  the  instrumented  bridgewire  was  meas¬ 
ured.  From  this  reading,  a  linear  extrapolation  was  used  to  determine  the 
power  level  which  would  set  off  a  live  EED  located  at  the  same  point.  The 
instrumented  unit  was  replaced  with  a  live  EED.  On  three  separate  occasions, 
live  EED's  were  fired  within  3  db  of  the  predicted  level. 

EMR  tests  have  been  run  in  Dahlgren,  Virginia,  at  high-power  levels. 

The  main  difficulty  in  correlating  the  results  of  the  low-power  tests  with  these 
tests  is  that  of  defining  the  environment.  The  EMR  fields  have  not  been  defined 
precisely;  however,  using  the  data  available,  the  results  have  been  favorable. 


DESIDERATA 


The  facility  has  already  demonstrated  that  it  can  be  used  successfully 
for  development  and  fix  evaluation  tests.  It  is  anticipated  that  the  facility  will 
continue  to  be  used  for  these  tests.  After  more  extensive  correlation  studies 
are  made,  it  is  hoped  that  most  development  tests  can  be  run  at  the  Sandia 
facility. 

In  an  attempt  to  make  continued  improvement  in  the  accuracy  of  the  data 
acquired  at  the  facility,  the  following  areas  will  receive  further  investigation: 

1.  Improved  calibration  accuracy.  A  new  calibration  setup  is  being 
designed  in  an  attempt  to  increase  accuracy,  especially  at  fre¬ 
quencies  above  6  kmc. 

2.  Increased  detector  sensitivity.  An  increase  in  the  detector  sen¬ 
sitivity  would  provide  more  data  than  can  now  be  obtained. 

3.  Improved  environment  definition.  More  research  will  be  done  in 
this  area  so  that  the  number  of  tests  required  can  be  cut  down. 
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Figure  1.  Video  Detector  Evaluation 


EED  CASE 

f - 


SYLVANIA  1/10  WATT 

IN  830  33K 


Figure  2  Crystal  Video  Detector 
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SLOT  RECEIVING  ANTENNAS 

AS  RELATED  TO  RADIO  FREQUENCY  HAZARDS  TO  ORDNANCE 


by 

Charles  W,  Harrison,  Jr. 

Member  uf  the  Technical  Staff, 

Sandla  Corporation,  Albuquerque,  N.  M. 

Introduction 

In  the  past  several  years,  a  number  of  problems  in  the  field  of  radio-ii  ^quency  haaardt  to  ordance 
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have  been  discussed  in  .Sandia  Laboratory  reports.  This  paper  is  another  in  the  aeries— Hhe  objective 
being  the  evaluation  of  radio-frequency  power  transmission  through  an  access  door  or  circumferential 
anodized  butt  into  the  circuitry  contained  within  a  cylinder  uf  finite  length  and  radius.  For  convenience  the 
cylinder  is  assumed  to  be  perfectly  conducting.  This  insures  that  no  power  may  enter  except  by  transfer 
through  the  slot.  Transmission  directly  through  the  skin  of  a  cylinder  of  even  modest  thickness,  having  no 
holes  or  cracks,  iias  been  proved  to  be  negligible  at  all  frequencies  for  which  the  cylinder  Is  electrically 
short,*"* 

The  slot  receiving  antennas  examined  theurelically  are: 

1.  A  center-loaded  slot  cut  in  an  infinite,  perfectly  conducting  plane  of 
infinitesimal  thickness. 

2.  A  thin-walled,  perfectly  conducting  cylindrical  tube  of  arbitrary  length 
containing  a  center-loaded  slot  extending  a  portion  of  the  way  around  the  circumfer¬ 
ence  of  the  tube. 

3.  A  thin-walled,  perfectly  conducting  cylindrical  tube  of  arbitrary  length 
containing  a  complete  peripheral  slot  loaded  (1)  by  an  impedance  across  the  slot, 
and  (2)  by  internal  impedances.  The  problem  of  stray  capacitance  shunting  the 
toad  when  connected  across  the  slot  is  considered. 

The  general  theory  is  applied  to  solve  specific  problems.  The  results  are  presented  in  the  form  of 
curves  relating  the  power  in  a  toad  resistance  of  4. 5  ^uns  (in  decibels  referred  to  a  tero-power  level  of 
50  milliwatts)  to  the  frequency,  for  an  incident  electric  field  of  10  votts/m.  The  slot  dimensions  are  1.45 
by  13  inches.  In  some  inatancen,  data  is  presented  for  a  4.5-ohm  load  with  sufficient  series  reactance  to 
produce  resonance  at  each  particular  frequency  considered.  These  curves  may  be  regarded  as  transfer 
characteristics  for  the  slot  receiving  systems  because  from  them  the  power  in  the  load  for  any  given  value 
of  field  strength  msy  be  determined  immedistely.  In  the  low-to-medium  frequency  region,  most  of  the 
curves  have  a  positive  slope  of  6  db/octave  with  increasing  frequency,  and  beyond  10  mc/sec  they  are 
use  History  in  nature. 


Center-Loaded  Slot  Receiving  Antenna  Ci:?  in  an  Infinite, 

Perfectly  Conduetuig  lUane 

Figures  la  and  lb  illustrate  an  impedance-loaded  slot  rccc.vlng  antenna  that  is  cut  in  an  infinite, 
perfectly  conducting  sheet  of  infinitesimal  tiiieknesa.  The  sheet  coincides  with  the  plane  z  «  0;  the  slot 
extends  in  length  from  x  *  -h^  fo  x  =  h*,  and  in  width  from  y  “  -  y  to  y  The  load  terminals  of  the  slot 

are  located  at  x  ■  0,  y  =  +  and  z  «  0.  The  electromagnetic  field  incident  upon  the  slot  is  assumed  to 
originate  with  the  dipole  source  of  length  i  and  the  image  source  shown  in  Figure  la.  For  simplicity,  the 
axes  of  the  sources  arc  oriented  parallel  to  the  y-axis.  Their  centers  lie  on  the  z-axis,  a  distance  R 
measured  normal  to  the  sheet.  The  dimension  R  satisfies  the  inequalities  (in  >>  1  and  R  >>  /,  v/herc  /I 
is  the  wave  number.  These  conditions  insure  that  the  field  incident  upon  the  slot  is  a  plane  wave.  The 
source  and  the  image  s'^urcc  carry  currents  that  are  in  phase  opposition,  as  shown. 

Note  that  the  incident  held  has  no  compaient  of  the  electric  field  across  the  slot.  The  only  components 
of  the  electromagnetic  field  that  arc  tangential  to  Uie  infinite  conducting  plane  z  "  0  and  the  slot  cut  in  it  arc 
those  of  tlic  magnetic  field.  Thus,  the  incident  field  may  be  regarded  as  generating  surface  currents  on  the 
.onductUig  plane  and  these,  m  turn,  produce  separations  of  charge  that  molntaln  a  transverse  electric  field 
across  the  slot. 

In  the  analysis,  two  symmetrically  placed  sources  are  required  in  order  to  maintain  complete  symmetry 
Ijctwcen  the  half-spaces.  Actually,  the  coupling  between  these  half-spaces  is  not  great  and  essentially  the 
.’’.anvu  rcjuUs  apply  to  cither  liulf-spaee,  even  if  there  is  ro  source  in  the  other.  The  contribution  of  the 
second  source  is  provided  almost  complete. y  by  the  image  m  the  conducting  plane— which  is  unbroken  except 
for  the  slot.  Thus  the  image  source  is  almost  |)crf«‘ot  and  differs  little  from  the  second  source  assumed  in 
the  ajiulysis, 

If  the  ground  pLme  Is  not  infinite  in  extent,  the  problem  Is  fundamentally  different.  However,  if  the 
plane  extends  many  wavelengths  beyoiMl  the  slot,  and  the  distance  R  from  the  souit'e  to  the  ground  screen  is 
nnn  h  less  than  the  distance  of  the  slot  from  the  edge  of  the  uerren,  the  results  oblaiued  for  the  infinite 
ground  plane  ina>  he  expected  to  be  reas<siable  cqiproximations,  if  the  ground  screen  is  not  large  eumparetl 
to  the  waveleiig.h,  the  effeetivc  length  of  the  receiving  slot  must  ineluUc  consideration  ef  Uw  finite  htze  of 
the  ground  screen,  C'ompleim  nlaeity  is  not  applicable  since  this  actually  assumes  an  infinite  ground  screen, 
Present  resuli.s  evidi  uih  throw  no  clear  light  on  the  problem  of  reiu  ption  by  a  slot  in  a  finite  cylinder  or 
other  three-(lin*eusion:il  object,  although  a  qualitative  .similarity  may  Ik*  expected  if  the  nv-tal  sui'fact*  i.n  ver> 
large  iu  extent  <  ompared  w.th  the  wavelength. 

The  shori-eiceiiit  rurivnt  at  thi-  termitiaU  of  the  strip  iveeiving  antenna  (the  eomplement  of  ilie  .  lol) 
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Figure  U.  Slot  Cut  In  an  Infinite  Perfectly  Conducting  Plane  of  Infinlteaimal  Thickneis 


Evidently  the  current  1 


d 

X 


is  also  given  by  the  relation 


1 


d 


X 


H'^dy  . 

y 


(2) 


d 

HeiK  H  is  the  magnetic  field  transverse  to  the  str^  at  x  ■  0. 
j 

The  voltage  appes'^ing  across  the  terminals  of  the  strip  antenns  when  they  are  open^circuited  is 


(3) 


In  this  relation  is  the  electric  field  across  the  gap  in  the  strip.  The  principle  of  complementarity 
may  now  be  s^plied,  and  conductor  and  air  Interchanged  in  the  plane  2*0;  also, the  electric  and  magnetic 
fields  are  interchanged  according  to 


(4«) 

Ul>) 


where  ^  •  120(r  ohm*. 

5  A 

Note  that  by  this  Interchange  the  electric  strip  antenna  having  en  »lr  gap  in  the  interval  *21*11 
now  becomes  a  slot  cut  in  an  infinite  perfectly  conducting  plane  having  a  short-circuit  of  width  S  connected  to 
the  slot  terminals  y  •  1  y  . 

Substituting  (4)  into  (2)  and  (3), 


and 


(5) 


(6) 


1*6-4. 
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Substituting  (10)  into  (1)  and  using  (4),  it  becomes  clear  that  the  complementary  formula  for  (1)  is 


h 


(13) 


The  equivalent  circuit  of  the  slot  receiving  system  consists  of  driving  a  circuit  comprising  Z  in  series 
with  the  load  impedance  Z®  ■  +  jX^  .  The  current  in  the  load  is,  therefore. 


h  h‘“C^ 


Using  (12)|  (15)  becomes 


(14) 


h 

i 


(15) 


The  power  in  the  load  impedance  is 


(16) 


Equation  (13)  may  be  ragarded  aa  t)ie  fundamental  formula  of  reception  for  a  alot  antanna.  It  givea  the 
open'Circuit  voltage  V*  in  terma  of  the  effective  half-length  of  an  electric  atrip  antenna  h^;  the  incident 
magnetic  field  and  the  Impedance  of  the  atrip  antenna  Z^.  ia  alao  the  impedance  of  a  center-driven 

cylindrical  antenna  of  half-length  h*  and  radiua  a.  where  ■  *  ^  • 

Equationi  (IS)  and  (16)  were  uaed  to  compute  the  power  in  a  load  impedance  Z*  »  4.  S  4  jO,  0  ohms  con¬ 
nected  to  the  terminals  of  a  slot  3h*  •  0,  3043  m  In' length  and  w  »  0. 03681  m  in  width  (12  by  1. 45  Inches), 

For  these  slot  dimensions  the  chape  parameter  of  the  complementary  dipole  is  0*^  >  2  In  2h*/a  •  2  In  8h*/w  •  T, 
It  is  necessary  to  determine  O'*  In  order  to  evaluate  h^  and  Z°  appearing  in  (15),  The  values  of  Z°  and  h^  fnr 

known  0*^  and  ^h*  may  be  computed  from  formulas  or  read  from  tables  and  curves  appearing  in  the  work  of 

7  -3 

King,  Figure  2  shows  the  power  in  the  load  in  decibels  referred  to  •  50  x  10  watts  as  zero-level  as  a 

function  of  frequency,  for  an  Incident  mcgnetic  field  •  2,655  x  10  *  amperea/m,  ■ 

10  volts/my  The  slope  of  the  curve  In  the  low-frequency  region  ia  6  db/octave,  and  rises  with  increasing 

frequency. 

This  slot  receiving  lyitem  may  be  tuned  by  adding  a  reactance  -X*  In  series  with  R?  in  the  equivalent 

i  A  A  i  A  i  ^ 

circuit.  Alternatively,  a  reaiatance  of  value  {  R  /4((R  )  +  (X  )  ]  may  replace  Z  in  this  circuit  and  give 
the  same  result.  A  curve  for  this  case  is  shown  in  Figure  3,  Again  the  slope  is  positive  at  6  db/octave  with 
increasing  frequency  to  the  point  of  break  in  the  curve. 
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Evidently,  for  a  slot  of  fixed  dimensions,  fixed  load  resistance,  aiid  fixed  incident  field  streugih,  it  is 
impossible  for  the  power  in  the  load  to  exceed  the  values  given  in  this  graph. 

Hollow  Cylindrical  Antenna  with  Impcdance-Loaded  Slot 

Consider  a  hollow  cylindrical  receiving  antenna  of  arbitrary  length  2h^'  and  radius  a^ ,  illustrated  in 
Figure  4a.  Let  the  following  inequalities  he  satisfied:  /la"  <<  1,  h"  >>  so  that  =  2  in  2h^/a^  ^  7, 
The  terminals  are  located  at  the  center  of  the  antenna  and  are  labeled  a,  b.  The  gap  between  the  terminals 
may  he  thought  of  as  a  completely  circumferential  slot.  (The  impedance  of  this  slot  is  normally  considered 
»o  be  infinite  in  antenna  calculations.)  If  the  impedance  is  connected  to  terminals  a,  b,  it  is  clear  that  the 
slot  and  load  impedances  are  in  parallel. 

Suppose  now  that  one  would  like  to  fill  in  a  portion  of  the  peripheral  slot  with  metal.  The  situation  is 
pictured  in  Figure  4b.  Evidently,  the  impedance  of  the  slot  is  again  in  shunt  with  the  load  impedance.  The 
question  arises  as  to  what  value  of  slot  impedance  7?  to  employ  in  parallel  with  Z^,  Unfortunately,  there 
is  no  available  analytical  expression  for  the  impedance  of  a  slot  of  finite  dimensions  cut  in  a  hollow  cylinder 
of  finite  length  and  radius.  To  circumvent  this  difficulty,  impedanc.e  measurenients  were  made  at  the 
Physical  Sciences  Laboratory,  New  Mexico  State  University,  on  (1)  a  slot  12  inches  long  hy  1,45  inches  in 
width  out  in  the  middle  of  a  3-foot  hy  fl-foot  ground  plane,  and  (2)  the  same  configuration  with  the  ground 
plane  rolled  up  into  a  cylinder  11,46  inches  in  diameter  and  108  inches  in  length. 


Figure  4a,  Hollow  Cylindrical  Anirnna 


Fifure  4.  Hollow  Cylindrical  Antenna  With  Impedance  1  oaded  Slot 
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Following  this  procedure  minimizes  discrepancies  in  the  measured  impedance  caused  b>-  different  feed 
ar  rangements.  The  results  arc  shown  in  Tables  1  and  11.  Accurate  measurements  of  for  small  could 
iiot  ire  mace  because  the  slot  behaves  essentially  as  a  pure  reactance.  It  is  noted  that  Z®  values  in  T^les  1 
and  11  are  not  vastly  different,  and  it  is  assumed  that  these  differences  are  not  accentuated  at  lower  frequencies 
where  ineasureiiieiits  could  not  be  made.  Taole  ill  presents  values  of  computed  from  <12)  for  a  slot  1.  45 
by  12  inches  cut  in  an  infinite  perfectly  conducting  plane  of  infinitesimal  thickness.  Evidently,  one  can  work 
to  an  accuracy  of  better  than  an  order  of  magnitude  (10  db)  by  simply  assuming  that  the  impedance  of  a  slot  cut 
in  a  hollow  cylinder  is  approximated  adequately'  by  (12). 


TABLE  I 


Measured  Impedance  of  a  Center-Driven  Slot  Free  to  Radiate  in  Each 
Half-Space  Cut  in  a  3-  by  9-Foot  Flat  Plate.  (The  Long  Dimension  of 
the  Slot  is  at  Right  Angles  to  the  Long  Dimension  of  the  Flat  Sheet. ) 
Slot  Dimensions:  12  Inches  Long  by  1,45  Inches  Wide, 


Z 

(ohms) 

lz“l 

0.  3102 

5. 

0  +  j67. 5 

67.69 

0. 3830 

8. 

5  +  jSO.  5 

80.96 

0.  4489 

12 

.  j91.0 

91.  79 

0.  5107 

18 

+  jU6 

116.9 

0.  5745 

21 

+  J103 

106.  1 

0.6384 

28 

1  jl33 

135.9 

0.  7022 

39 

+  j)48 

153.0 

0,7660 

53 

<  -ISO 

158.4 

0.8300 

65 

►  jl74 

185.7 

0. 8937 

125 

*■  j228 

260.0 

0.  9576 

228 

+  j240 

331,0 

1.021 

320 

+  j215 

385.5 

1.  085 

388 

+  jl25 

407.6 

1.  117 

398 

+  j28 

399,0 

1.  149 

388 

4  jI5 

388.2 

1,213 

350 

♦  J38 

352.0 

1.277 

302 

308.  9 

1.341 

282 

+  j.B 

286.0 

1.404 

245 

•jia 

245.3 

1.468 

21C 

•  j31 

218.3 

1. 532 

202 

•  j3l 

204.4 

1.596 

181 

-  j49 

187.5 

1,736 

103 

-  j61 

121.3 

1.915 

112 

•  j22 

117.6 

2,075 

111 

4  j25 

1 13.  8 

2.  234 

108 

+  j3n 

114.8 

2.394 

136 

+  JO.O 

1  36.  0 

2,  553 

160 

+  j3fi 

164.0 

2,  713 

136 

+  jfi4 

150.  3 

2,  905 

178 

+  j7H 

194.  3 
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TABLE  11 


Measured  Impedance  of  a  Center- Driven  Slot  Cut  Circumferentially  in  the 
Middle  of  a  Cylinder  11.46  Feet  in  Diameter  and  108  Inches  in  Length 
Slot  Dimensions:  12  IneliOa  Lung  u>  1.  45  Inches  in  vViulh 


Z 

’  (ohms) 

Iz'*! 

0.3102 

5. 

5  +  j64 

64.  24 

0,  3830 

8. 

0  +  j72 

72.44 

0.  4460 

n 

+  j81 

81.74 

0,5107 

14 

+  j96 

96.  95 

0.  5745 

16 

+  jlOl 

101.  7 

0.G384 

20 

+  jll2 

113.8 

0,  7022 

25 

+  j97 

100.2 

0.7660 

29 

+  jUO 

113.8 

0.7D80 

32 

+  jl23 

127,1 

0.8300 

40 

+  jl37 

142.7 

0.8937 

62 

+  jl61 

172,5 

0.9576 

101 

+  jl91 

216,  1 

1.  021 

145 

+  j203 

249,5 

1.085 

194 

+  j219 

292,  5 

1.  149 

183 

+  jl90 

263.8 

1.213 

184 

1  jl75 

253.9 

1.277 

100 

+  jl56 

223.5 

1.341 

150 

t  jl56 

216.4 

1.404 

147 

t  jl40 

203.0 

1.  468 

176 

+  jl30 

218.  R 

1.532 

185 

+  ja4 

207.4 

1.  396 

202 

+  jSH 

210,0 

1,  660 

191 

+  j58 

199.  1 

1.756 

160 

-  j20 

161.2 

1,915 

116 

■ 

116,  1 

2,075 

80 

+  j30 

85,44 

2.234 

59 

t  j41 

71.55 

2.304 

65 

+  j62 

80.63 

2.553 

118 

+  j64 

134.  1 

2.713 

67 

+  j79 

103.2 

2.873 

52 

+  j77 

92.28 
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TABLE  lU 


Computed  Impedance  of  a  Center-Driven  Slot  Free  to  Radiate  in  Each  Half  Space. 
Slot  Dimensions:  12  Inches  Long  by  1. 45  Inches  Wide 


ph" 

Z  (ohms) 

0.  100 

0.0012  +  jl5.  13 

15. 13 

0.  125 

0.0030  +  JIB.  91 

18.91 

0. 150 

0. 0062  + j22.  69 

22.69 

0.  175 

0.0115  +  j26.47 

26.47 

0.200 

0.0196  +  j30.  25 

30.25 

0.225 

0.0315  +  J34.  04 

34.  04 

0.250 

0.0479 

+  137, 82 

3  82 

0.275 

0.07u2  +  j41.  60 

41.60 

0.  300 

0.0994  +  j45.38 

45.38 

0.  325 

0. 1369  +  j49. 16 

49.16 

0.  350 

0. 1842  +  j52.94 

52.94 

0.375 

0.2427  +  156.73 

56.73 

0.400 

0.3142  +  j60.51 

60.51 

0.425 

0.4004  +  j64.29 

64.29 

0.450 

0.  5033  +  j68.  07 

68.07 

0.475 

0.6248  +  j71.85 

71.65 

0.  500 

1.255 

+  194.  58 

94.60 

0.700 

6.531 

+  jl49.4 

149.5 

0.  900 

28. 79 

+  j232.4 

234.1 

1,  100 

134.5 

+  j366. 8 

390.6 

1.200 

293.6 

+  (419.1 

511.7 

1.300 

518.9 

+  j307,9 

603.4 

1,400 

SSI.  6 

+  139.47 

553.2 

1.500 

414.9 

+  1101.1 

427.1 

1.600 

297.2 

-  1124.1 

322.1 

1.700 

222.3 

-  1108.5 

247.3 

1.800 

175.8 

-  163.65 

194.7 

1,900 

145.9 

-  158.05 

157.1 

2,000 

125.7 

-  133. 34 

130.1 

2.100 

111.6 

•  19.  608 

112.0 

2.200 

101.4 

+  113.19 

102.2 

2.300 

93.  87 

+  136,00 

100.4 

2.  400 

87.70 

+  158.97 

105.7 

2.  500 

82.66 

+  182. 55 

117.0 

2. 800 

78.79 

+  1107.2 

133.0 

2.700 

75.28 

+  1132.8 

152.6 

2.800 

72. 19 

+  1159.9 

175.4 

2.900 

89. 89 

+  1186.4 

200.9 

3.000 

68.08 

+  1218.7 

229.1 

3. 100 

67.95 

+ 1250. 8 

259.8 

3.200 

69.00 

+  1264. 4 

292.9 

3.300 

75.48 

+  1320. 6 

329.4 

3.400 

66.01 

+  1359.0 

369. 1 

3.  500 

103.3 

+  1399.6 

327.8 

3.600 

130.9 

+  1442. 6 

461.7 

3.700 

173.5 

+  1486.3 

518.2 

3.  800 

238.0 

+  (533. 1 

584.2 

3.900 

338.5 

+  1566.6 

660. 1 

4. 000 

482.3 

+  1562.7 

741.1 
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The  equivalent  circuit  of  the  receiving  system  is  shown  in  the  cut  of  Fi/jure  f>,  Ti  consists  of 
driving  a  circuit  comprising  in  series  with  the  parallel  combination  of  Z^  and  .  The  open-circuit 
voltage  is  given  by  the  formula  *  2h^E^”^  ,  where  2h^  is  the  effective  length  of  a  cylinder  of  half-length 
and  radius  a*  ,  and  is  the  incident  electric  field  directed  parallel  to  the  axis  of  the  cylinder.  is 
the  driving  point  impedance  of  the  cylinder  at  terminals  a,  b, without  slot  or  load.  The  graphs  in  Figures  5 
and  6  were  obtained  under  the  following  conditions: 

n'"'  =  2  In  2h''/a‘^  >  7 


Siot  dimensions  1.45  by  12  inches 

Load  impedai'ice  =  4.  5  -t-  jO,  0  ohms 

Incident  field  strength  E^*'^  ■  10  volts/m 

•3 

Zero  ievel  »  50  x  10  watts 

Note  that  the  cylinder  is  below  cutoff  at  the  highest  frequency  at  which  the  performance  of  the  receiving 
system  was  computed. 

Although  Figure  S  holds  for  a  tuned  as  well  as  for  an  untuned  losd.  Figure  6  applies  only  to  the  untuned 
case.  In  obtaining  the  data  for  Figure  7,  which  depicts  the  tuned  case,  tne  I  hevinen  equivalent  generator 
was  utilized.  The  open-circuit  voltage  is  the  voltage  appearing  scross  with  disconnected.  The  internal 
impedance  of  the  generator  is  obviously  Z®Z^/<Z*  +  Z^),  The  Imaginary  part  of  the  generator  Impedance, 
with  reversed  sign,  connected  In  series  with  ,  effectively  tunes  the  slot.  It  Is  absolutely  Impossible  under 
the  stated  conditions  for  a  greater  transfer  of  power  to  take  place  to  s  4.  S-ohm  load  resistor  thsn  that  pre* 
dieted  by  Figures  5  and  7,  no  matter  how  arbitrary  the  circuit  configuration  within  the  cylinder,  provided 
Z**  •  i^/4Z**  represents  the  slot  impedance  to  a  satisfactory  degree  of  approximation* 

An  ohjeotion  might  be  raised  that  when  <<.  X,  Z^  is  the  controlling  Impedance  element  in  the  equlvs- 
ient  circuit  (Figure  5),  In  reply,  the  writer  mentions  that  the  short-circuit  current  at  the  middle  of  the 
cylinder  is  always  controlled  by  thia  Impedance.  The  short-circuit  current  is  given  hy  the  relation 

‘V  /Z^. 
s<«  oc' 


Dipole  with  Load  Resistance  Across  a  Circumferential  Slot 
of  infinite  Resistance  and  Zero  Capacitance 


Figure  8  gives  the  transfer  characteristic  of  a  dipole  with  a  load  resistance  R^  •  4  ohms  scross  a 
perft 't  circumfercutial  siot,  or  gap,  at  its  center.  The  voltage  drives  a  circuit  consisting 

of  Z^  in  series  with  R,  ,  as  shown  in  the  drawing.  For  this  computation,  h^  ■  B  feeti  0*7,  *  lOvolts/m, 

-3  ^ 

and  1*^  *  50  X  10  watts  is  zero-level.  As  before,  the  elcetric  field  is  directed  parallel  to  the  axis  of  the 
»  ylinder.  The  slope  of  the  curve  is  6  db/o,  tav»‘,  and  risfs  with  increasing  frequency. 
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Radio-Frequency  Leakage  of  a  Circumferential  Anodized  Butt 
Lot^ateU  in  the  Center  of  a  Hollow  Cylinder 

A  .yection  of  a  hollow  cylinder,  showing  a  load  connected  across  a  circumferential  anodized  butt, 

is  ilhislratecl  in  Figure  9.  The  butt  capa«.'  tance  C  and  resistance  R  must  be  taken  into  account  in  the 

s  s 

analysis.  The  equivalent  ciro-uit  is  shown  in  the  cut  of  Figure  10,  Note  that  C^,  R^,  and  are  in 

parallel.  as  befoie.  The  graph  shown  in  Figure  10  was  obtained  under  the  following 

conditions:  =  10  volts/m,  h**  *  8  feet,  fl  *  7,  R  *4  ohms,  C  ®  10  ^  farads,  and  R  ■  0,01  ohm. 

•3  L  s  s 

Zero-level  is  R,  =  50  x  10  watts.  It  is  thought  that  the  values  of  C  and  H  used  are  representative  of 
L  o  " 

those  encountered  in  practical  situations.  The  slope  of  the  transfer  characteristic  is  positive  and  rises 
6  dh  /octave. 


Figure  9.  Section  of  Hollow  Cylinder  Showing  Anodized  Butt. 

The  Capacitance  of  the  Butt  is  C  and  Resistance 

is  R  «  ® 

s 


Radio-Frequency  Leakage  of  an  Off-Center  Circumferential  Anodized  Butt 

The  cut  in  Figure  10  shows  the  equivalent  circuit  of  a  hollow  cylindrical  antenna  contuining  a  leaky 
circumferential  slot  having  capacitance,  C^,  and  leakage  resistance.  R^,  shunted  by  a  load  resistance,  R^, 
In  Section  7  it  is  shown  that  the  effective  length  of  a  cylinder  that  is  short  in  terms  of  the  wavelength  is 
approximately  one-half  of  its  physical  length,  provided  the  terminals  are  not  too  near  either  end.  Thus, 

^oc  *  approximately  the  same  value  for  an  off -coiner  slot  as  for  one  located  at  the  middle  of 

the  cylinder,  provided  the  cylinder  is  electrically  short,  as  assumed  here. 

R^  and  C^  remain  the  same  regardless  of  the  slot  location.  For  a  fixed  load  the  only  prt^erty  of  the 
circuit  that  changes  with  slot  location  is  Z''  —  -jX'', 

Let  reiJi'cscnt  the  parallel  combination  of  the  impedance  elements  R^,  Rj^,  and  Assume 

that  /X*  /  >  >  /2|/-  l^he  power  dissipated  in  is  proportional  to  the  square  of  the  current  through  , 


4.6-18 


o 


46-19 


FREQUENCY  IN  MEGACYCLES 


r.  follows  that  the  decibel  loss  in  power  in  the  load  caused  by  moving  the  slot  off-center  is  given  approxi¬ 
mately  by  the  relation 


db  =  20  logj^ 


asv 


(IV) 


where  is  the  reactance  of  the  aspnmetru  al  dipole,  and  is  the  reactance  of  the  symmetrical  dipole. 

As  a  numerical  illustralitui  consider  a  cylinder  for  which  2h^  =  2.  43B  m  (8  feet)  and  -  2  ln?h  /a=  10, 
3  c  —  3 

Let  f  »  100  kes  so  that  >  *  3  x  lu  m.  Then,  3h  *  2,554  x  10  radians.  The  reactance  of  the  symmetrical 
.  8 

structure  is 


x" 


i  \  n  -  2  / 

sr-"' ) 


<18) 


,,  3 

so  that  X  s  -160,2  x  10  ohms. 

Let  the  slot  now  be  moved  off-center,  so  that  it  is  2  feet  from  one  end. 

g 

Using  King*s  method  of  computing  the  impedance  of  an  asymmetrical  dipole,  it  is  found  that  fl,  ■  10.81 

-  3  -3  ^ 

and  n«  =  8,614,  Also,  3h,  «  3.83  x  10  ^  radians,  and  3h«  ”  1.277  x  10  radians.  The  corresponding 

^  ^  3  ^  3  (• 

impedances,  from  (18),  are  X«  -119.3  X  10  ohms  and  X- «  -256.  9  x  10  ohms.  Now,  X  *  (X,  +  X-)/2  ® 
2  1  •  asy  1  i 

-188, 12  X  10*^  ohms.  The  db  loss  resulting  from  moving  the  slot  off-center  by  2  feet  is  thus  20  logj^ 

1, 174  »  1.4  db.  This  additional  loss  must  be  added  to  that  given  by  Figure  10  at  100  kcs. 

The  loss  of  power  in  the  load  resistance,  R^,  rapidly  Increases  as  the  slot  is  moved  away  from  the 
center  of  the  cylinder,  because  increases.  Although  the  problem  of  the  canister  with  screwed-on  lid 
cannot  be  treated  by  methods  of  antenna  analysis,  it  can  be  stated  with  confidence  that  the  pickup  of  circuitry 
within  a  canister  with  a  leaky  slot  at  the  end  of  the  container  is  substantially  less  ihan  for  a  canister  with  a 
centrally  located  slot.  Since  results  for  the  latter  case  are  now  available,  the  pickup  of  circuitry  in  a 
canister  with  a  lid  slot  is  bounded.  As  before,  it  is  assumed  that  the  load  impedance  is  in  shunt  with  the  slot. 

Note  that  a  shield  is  effective  only  if  currents  are  free  to  flow  in  all  directions  on  its  surface.  Thus, 
the  lid  on  a  canister  should  be  secured  with  many  bolts  to  reduce  R^  and  increase  as  much  as  possible. 


Transfer  Characteristic  of  an  Internally  Loaded  Cylinder 
with  Asymmetfically  l.ocated  Circumferential  Slot 

This  section  presents  a  method  for  predicting  theoretically  the  slope  of  the  transfer  characteristic  of 
an  asymmetric  dipole  witli  internal  load,  and  aciiount  for  the  break  in  this  curve  at  higher  frequencies.  As 
defined  earlier,  the  transfer  charaeteristic  is  that  quantity  which  must  be  multiplied  by  the  incident  field  to 
give  the  current  in  the  load. 
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Figure  H  illustrates  the  slot  receiving  system  under  consideration.  The  cylinder  is  of  radius  and 
length  h^  +  h^.  Its  axis  coincides  with  the  z-axts  of  a  cylindrical  coordinate  system.  A  circumferential  slot 
is  cut  at  z  =  0.  The  gap  voltage  is  .  The  incident  electric  field,  ,  is  directed  parallel  to  the  cylinder. 
The  internal  circuit  consists  of  and  connected  together  and  grounded  to  the  interior  of  the  cylinder 
at  the  ends.  This  circuit  may  be  generalized  in  any  desired  way,  as  long  as  a  connecting  lead  to  the  loads 
passes  through  the  slot*  Normally,  and  low-impedance  elements,  and  this  is  assumed  in  the 

analysis. 


Figure  11.  Internally  Loaded  Hollow 
Cylindrical  Slot  Antenna 
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Let  the  dimensions  of  the  slot  receiving  system  satisfy  the  following  inequalities. 


(5a®  <  <  1 
(3h®  <  1 
eh®  <  I 

“l 

0. 1  <  — -  <  10 

“a 

I.C  ^  S.  c 
hj  >  >  a 

hjj  >>  a  . 

The  cylinder  is  treated  as  an  asymmetrical  dipole  receiving  antenna.  The  effective  length  cf  the  struc¬ 
ture  can  be  obtained  by  taking  the  Fourier  transform  of  the  current  existing  along  the  asymmetrical  dipole, 
when  used  for  transmission  (driven  at  the  slot).  The  simple  sinusoidal  representation  of  current  is  assumed 
adequate  for  finding  the  effective  length  of  the  cylinder. 


IjC*') 


Ij(a') 


sin  0h® 


I 

o 

•in 


(20) 


(21) 


Here  1^  is  the  input  current.  The  effective  length  is 

•  ^e  *  ”20  ■  ^ 


(22) 


46-22 


If  both  and  are  small,  cos  /9hj/2  5:  1;  cos  0h2/2  =:  1,  and  sin  +  h^)  '  ^(^1  ^  ^2)’ 

The  induced  voltage  in  the  cylinder,  under  the  assumptions  outlined  above,  is 


V  s  i  E  »  4 
oc  e  2 


i(h^  -  x^Ie  . 


It  is  important  to  note  that  is  linearly  related  to  E  and  is  independent  of  frequency;  also  that  is 
not  the  gap  voltage,  V^,  unless  the  internal  circuit  is  absent*  is  smaller  than  because  of  the  internal 

impedance  of  the  source.  The  source  impedance  is  the  impedance  of  the  cylinder  when  used  for  transmission; 

/  c  c  \  c 

i.  e. ,  the  impedance  of  an  asymmetrical  dipole  of  length  ^h^  f  h^  j  and  radius  a  • 

The  impedance  (reactance)  of  an  electrically  short  antenna  of  half*length  h  and  radius  a  is  given  by  (18), 


y.  i  \  n-2  / 

■  ITgh  )  ,  ^  2  In  2  ? 


The  reactance  of  the  asymmetrical  dipole  is 


In  (25),  n  ,•  2  In - ;  0,  •  2  in - ,  /3  •  2)r/A  •  ‘ — ,  where  v  •  3  x  10  m/sec,  X  „  is  a  good  approxl- 

1  a  2  a  Vq  u  asy 

mation  for  the  source  impedance. 

It  is  now  necessary  to  find  out  how  the  gap  voltage  drives  the  internal  circuit.  Herein  lies  the  key 
to  the  solution  of  the  entire  problem*  Consider  Figure  12.  The  lower  half  of  the  structure  is  the  mirror 
image  of  the  upper  half.  CJlearly,  the  voltage  V^/2  acts  in  senes  with  the  coaxial  transmlsiion  line. 
Accordingly,  the  voltage  in  Figure  ll  acts  in  series  with  the  two  line  sections  in  series.  To  solve  the 
problem,  one  now  regards  the  slot  as  short-circuited.  The  voltage  drives  a  c  ircuit  consisting  of 
'^as\  *  ^l '  ^2  input  impedance  of  the  line  terminated  in  ,  Since  the  cylinder 

is  electrically  short,  Z'^  is  approximately  equal  to  ,  The  same  comment  applies  to  Z^ ,  Usually,  one 
does  not  hav»»  an  electrically  long  line  in  an  electrically  short  cylinder.  The  ■line*  constants  arc  merely 
lumped  ciicii.t  parameters,  Z^  and  ar**  vfry  smalt  compared  to  low  frequencies.  The  current 

in  Z*  and  ZJ,  is  controlled  by  •  The  desired  transfer  characteristic,  valid  at  low  frequencies,  is  simply 
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Evidently,  the  db  rise  in  load  current  per  wrtave  is 


db  =  20  log^g  y  -  20  logjjj  2  =  6.02  db /octave. 

Q 

At  higher  frequencies,  a  break  in  the  curve  occurs  because  ^^gy*  ^  capacitive  reactance,  no  longer 
dominates  the  circuit.  Hence,  the  slope  in  the  transfer  characteristic  must  change. 

Note  that  the  pickup  will  increase  6  db/octave  at  lo»v'  frequencies  no  matter  what  the  internal  circuit  is, 
as  long  as  it  is  of  low  impedance. 


Figure  12,  Internally  Loaded  Hollow  Cylindrical  Slot  Antenna, 
and  Identical  Monopole  W:th  Image 


Conclusions 

In  this  paper  a  quantitatively  correct  theory  for  several  slot  antenna  rec  eiving  systems  has  been 
presented.  In  some  cases,  numerical  results  were  given  for  a  tuned  load  connected  across  the  slot  in  the 
dij  ect  field.  This  insures  that  an  upper  bound  has  been  set  for  the  excitation  of  circuitry  within  the  cylindc'r, 
no  matter  how  complicated  this  circuitry  may  be,  the  propagation  of  an  electromagnetic  field  thrtmgh  the? 
slot.  This  is  sc  Ijecause  only  a  diffracted  field  can  exist  in  the  cylinder,  and  this  field  is  much  smaller  thm> 
exists  in  the  window  if  the  cylinder  i.s  below  cutoff. 
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1*7.  A  STOUT  OF  THE  SIMUUTIOH  (M  HISTRUMEirnB) 

TO  LOADED  EED'8^ 

D.  Boyd  Barker 
Richard  K.  Fry 

Unlveralty  of  Denver 
Denver,  Colorado 

When  the  powder  la  reaoved  froa  an  SSD  iz  that  tbenaal  Inalru- 
aentation,  aueh  aa  a  tberaoeouple  or  tbeivlstor,  can  be  Inatalled, 
the  themal  cbaraeteriatiea  of  the  device  are  changed.  In  general, 
the  heat  dlasipation  it  decreaaed  and  the  tlM  conatant  la  Inereaaed 
aince  the  powder  aurroundlng  the  loaded  brtdgawire  la  a  better 
conductor  of  beat  than  the  air  of  an  inatmaented  device.  TOua  the 
Inatruatented  EXD  doea  not  react  to  a  power  Input  exactly  like  a  live 
device:  the  inatruaented  brldgewlre  teaperature  la.  In  general^ higher 
than  that  of  the  loaded  brldgewlre.  Tbla  paper  deacrlbea  theoretical 
and  experimental  work  done  to  aacertaln  the  degree  of  almulatlon  of 
inatrumented  HD'S  to  live  devicea. 

STBTSM  ANALtSIS 

The  differential  eq.uatlona  governing  the  tine  reaponae  of  in- 
atruaented  and  loaded  devicea  to  eome  arbitrary  power-input  function 
are 

Cf(i)  *  r  T(^)  •  PU) 

C’tW*  r'TYt)^P(i)  fl) 


1.  thia  work  wae  aupported  by  Sandla  Corporation.  A  more  coaplete 
diacuaalon  mey  be  round  in  reference  2. 
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vhere  the  superserlpte  refer  to  the  "Instruaented"  eeee,  and 
7  °  average  brldgewlre  temperature  riae  ambient, 
r  °  dlaalpetlon  conatant  of  brldgewlre, 

P  s;  power  Input  into  bridgewlre 
C  a  beat  capacity  of  bridgewlre,  and 
t  a  time 


Eliminating  P(t)  and  aubatltutlng  t^Q/Z,  where  T  la  the 
bridgewlre  time  conatant  yields 


Tit)  *  — 


T'tt)  > 

r'  / 


wboae  general  aolutlon  for  t  >  0  la 


(2) 


“  f  c’/V  '(i) )  exp  *  no)  )  exp  (-^)  J 

Integration  by  parta  reaulta  In 

m)x  *T(e)-^Th)]exp(’t)-tT‘W 

Aaauae  that  both  T(0)  and  T'(0}  are  aero  (fileseent  abate)  and 
define  tbe  error  of  temperature  alaulatloa  as 

YU)  -  T'(i)  -  T(i) 

(5) 

then  from  eguatlon  (4)  we  find  that 

“  (c'^^  I  }  exp  (~  4)  (6) 
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Thus  it  can  be  seen  from  these  equations  that  the  error  of 
simulation,  Y,  depends  upon  time,  and  more  explicitly  upon  the  rate 
of  Joule  heating  as  a  function  of  time.  Before  the  degree  of 
simulation  can  he  completely  characterized,  the  power  function  muat 
he  known;  however,  some  estimatee  of  the  degree  of  simulation  can 
be  made  for  limiting  cases  and  certain  conditions  without  exact 
solution  of  equation  (6). 

'niree  general  areas  will  he  considered  since  in  each  the  re¬ 
sponse  is  of  a  different  character: 

A.  Steady-state  conditions 

B.  Short  pulse  transients  (duration  leas  than  of 
hrldgewlre  time  constant} 

C.  Transients  not  covered  in  B 


A.  Steady  State  Simulation. 

With  a  steady,  continuous  power  flow  into  an  KBD  the  hridgewire, 
after  a  few  time  constants,  reaches  a  final  steady-state  temperature. 
Under  these  conditions  the  rate  of  change  of  temperature  is  zero  and 
eq;uation  (2)  reduces  to 


r » 


c 


(7) 


Thus  in  the  steady-state  the  average  hridgsvire  ta^wrature  of  the 
loaded  device  is  related  to  the  instrumented  value  through  the  ratios 
of  the  heat  capacities  and  tima  constants.  Since  under  steady-state 
conditions  t  is  also  equal  to  uro,  the  simulation  error  is  msxinlsed 
and  has  a  value 


Y  »  (r‘-r)  ,  /  /  -  f'X  )  r' 

'»•««  ’  '■mam  '  C  T'  ' 


(8) 
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B.  Simulation  In  the  C—e  of  Short-pu3.»e  Trta»l«ntt. 


For  short-pulse  transients  It  has  been  showr  (ref.  l)  that  the 
hrldgeslre  reaches  a  peak  temperature  given  hy 


-  E/C 


£lc‘ 

where  X  is  the  pulse  energy.  Than 


(9) 


(10) 


Thus  for  short-pulse  transients  the  peek  brld^wlre  tempeieture  of  the 
loaded  device  is  related  to  the  Instrumented  value  throutfi  the  ratio  of 
the  heat  eapaeitiee  only. 


C.  Degree  of  SlsMlatlcn  for  Other  than  Short-Pulse  Traaelente. 

The  degree  of  simulatlMi  for  traaalents  other  than  short-pulse 
trensients  lies  between  that  for  short-pulse  transients  and  steady 

state. 

To  completely  characterise  the  degree  of  slmulatloa  for  such 
transientsi  a  detailed  kaowledga  of  the  power  Into  the  brldgawlra 
as  a  fuaetion  of  time  la  required,  and  la  general,  the  ratio  of 
the  loaded  and  instrumented  brldgewlra  teeperatures  Is  a  fuaoUen 
of  time.  To  estimate  the  degree  of  slaolatlon  for  such  transients  a 
simple  ealoulmtian  showa  that  the  audaun  teeperaturae  aehiavad  by  the 
loaded  and  instrumented  brldgawlres,  la  response  to  a  spiare  pulse 
of  power  of  duration  epinl  to  the  laetruaented  brldgawlre's  time 
eoastant,  are  related  by 


c'  r  f  >  r  /  -  (.!/»)) 

c  r'f  /-eirysf-/)  /*yl  J  (U) 


vhere 


y  =  C  ! C' 

y  *  tr !  t'  (12) 

A  repetition  of  the  calculation  for  the  case  of 'a  square  pulse 
of  duration  T ,  instead  of  r'  as  in  the  above  ease,  results  in 

_  £V  f  /-  exp  f-/)  I  _  _x  r  /-  exp^-i) 

^  I /  ”  y  /  /  -  exp  ('-x)  / 

Figure  1  compares  the  degree  of  simulation  for  the  several  modes 
of  hridgeuire  response  as  a  function  of  the  ratio  of  the  loaded  to 
instrumented  bridgewire  time  constants,  x.  Notice  that  the  ordinate 
is  the  ratio  of  the  loaded  to  Instrumented  brldgevlre  temperatures, 

T/T',  multiplied  by  the  ratio  of  loaded  to  instrumented  bridgevire  heat 
capacities,  y*  Ihus  these  norsMilised  curves  can  be  used  as  universal 
curves,  since  the  ratio  of  the  temperatures  can  be  found  by  dividing  the 
ordinate  by  y,  the  ratio  of  the  heat  capacities*  For  the  three  transient 
curves,  T/T'  is  the  ratio  of  the  maxlmuns  of  T  and  f  ,  since  in  general 
the  ratio  between  T  and  T’  is  a  function  of  time.  Notice  that  the  curve 
representing  ahort-pulse  transients  is  not  extended  to  small  values  of  x. 
nils  is  because  the  criteria  for  a  short  pulse  is  that  Its  duration  be  1^ 
(or  less)  of  the  bridgevire  time  constant  (ref.  l).  It  is  possible  for  a 
pulse  to  be  considered  a  short  pulse  for  the  instrumented  btidgevire  and 
yet  be  too  long  to  be  considered  s  short  pulse  for  the  identical  bridgevire 
when  loaded. 


VERIFICATION  CF  (COIL 

Two  pieces  of  experimental  evidence  indicate  that  the  mathematical 
dependence  of  the  simulation  upon  the  basic  thermal  parameters,  T  and  C  is 
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essentially  correct.  In  the  first  place.  It  has  been  verified,  vlthln 
experlnental  error,  that  the  nodel  predicts  the  degree  of  slsulatlon  for 
the  steady-state  case.  Ilils  verification  Involves  oeasurlng  the  relative 
beat  capacities  and  tlM  constants  as  veil  as  the  resistance  changes  ex¬ 
hibited  by  the  loaded  and  Instnsaented  brldgavlres  when  subjected  to 
the  sane  steady-state  power  Input.  Secondly,  the  sodel  Is  based  upon  the 
sssunptlon  that  the  brldgewlres  behave  In  both  eases  as  linear  systens. 
This  sssunptlon  can  be  verified  as  a  by-product  of  the  way  In  which  the 
time  constants  were  aaasured.  The  tine  constants  were  aeasurad  by  di¬ 
rectly  eoaparlng  the  brldgcwlre's  tenperature  (or  nore  exactly,  re¬ 
sistance)  decay  with  that  of  a  true  exponential  decay.  It  was  found  that 
the  decay  of  both  the  instrunented  and  loaded  brldgewlres  were  nearly 
exponential,  althouidi  the  Instrunented  decay  was  nore  truly  exponential 
than  the  loaded. 


BFnXMOXAL  RBUm 


Relative  heat  capacities  of  the  loaded  and  Instrunented  brldgewlres 
were  aeasured  by  means  of  the  tes^perature  response  of  brldgewlres  to 
short-pulse  transients  (ref.  1.) 


«  ff. 


c'P  (-t/f) 


(13) 


where.  In  addition  to  symbols  previously  used, 

R^ls  the  brldgawlre  resistance  at  mhblent  temperature 
R  Is  the  brldgawlre  resistance  at  tenperature  T,  and 
«  Is  the  brldgawlre' s  temperature  coefficient  of 
resistance. 
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Pulses  of  known  energy  snd  short  duration  were  introduced  into  both 
Instrumented  and  loaded  hridgevlres.  Hie  hrldgewlre  being  tested  was 
one  arm  of  an  Initially  balanced  vbeatstone  bridge.  The  bridge  un¬ 
balance  due  to  the  change  la  resistance  resulting  from  the  short  pulse 
was  observed  on  an  osciUiscope.  The  ratio  of  pulse  energy  to  peak 
osclUlscope  deflection  can  be  taken  as  a  measured  value  of  the  bridge- 
wire's  relative  beat  capacity. 

the  decay  of  the  bridge  unbalance  with  time  was  compared  on  tne 
scope  with  an  ejqwnential  generated  by  an  R-C  eireult.  The  decay  drove 
the  vertical  deflection  and  generated  exponential  drove  the 
horlsontal  deflection.  By  this  ns  ana  the  tine  constants  were  Mssured 
and  the  verification  of  the  exponential  decay  was  obtained. 

Table  1  gives  the  averages  of  neasured  values  of  tine  constants 
and  ralatlve  heat  capaoitiaa  for  savaral  davioas'  bridgaalras  in  the  loaded 
and  Instruaented  conditions.  The  data  raprasants  an  avarage  ovar  the 
valuas  found  for  3  of  each  typa  in  loaded  condition  end  6  or  9  of  each  typa 
In  the  instrunsntsd  ccndttion.  Tba  spraad  la  valuas  for  a  glvaa  typo  was 
loss  in  tha  loaded  eaoditlco  than  ia  tba  laatnaanted  condition. 
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UBU  I 


raXSNU,  PitBAMTERS  Cff  UMKD  AID  mnUNDTEBD  BBnXmUIBXS 


Device 

cj|ggggj^|Kjgg|j| 

mmam 

Ratio  =  X 

Kisirvi 

NC-1 

5.1 

14.6 

.35 

5-015 

4.47 

1.12 

*-727 

8.1 

13.5 

.60 

3.352 

2.00 

1.67 

IC-749 

3.0 

7.36 

.41 

2.44$ 

1.87 

1.31 

SA-402 

3.7 

7.66 

.46 

2.33 

1.60 

1.46 

8A-586 

6.3 

13-06 

.48 

3.07 

2.S6 

1.20 

Th«  d«t«  Of  tabl*  1  «M  uaod  witt  gr^b  1  to  obtain  th«  Attn  of 
of  tnblo  2. 


IBABU  2 

MBIIU  CP  SlNDIAnOV 


Serleo 

. . 

■aH 

tmi 

mi 

IK-l 

.31 

.46 

.67 

.89 

W-7t7 

.36 

.46 

.50 

.60 

*-749 

.31 

.45 

.59 

.76 

U>4og 

.33 

.55 

.66 

tt>$86 

.40 

.56 

.67 

.63 

Oxngh  tun  prwtnUoB  of  thn  lafonwtloB  la  tCbU  I.  Smm 
rwatn  MW  noawrUt  nttlkUt  naA  wan  wtlwatiw  of  tha  tarl* 
atioao  bitaow  Aarlow  la  latiootaA. 
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mXRFnSTATIOH  OF  RBSUUS 


It  It  not  turpritlng  that  thfttt  It  a  apttad  Mmoag  tha  dtvleta  In 
tbalr  dtgrte  of  alsulatlon.  Savtral  dlffaront  ax^otlyt  poudart  ara 
uaad  aaeh  vlth  a  eharaetariatlc  haat  capacity  and  thanaX  eonditetlvity. 

Die  brldgavirat  ara  of  aarloua  aateriala  (of  diffarant  thanwl  cob* 
ductlvltlaa),  varlout  langtht  and  dlaaatart.  Iha  aftaet  of  a  Klvan  aadia 
upon  tlm  conatant  dapandt  upon  tha  gaoaatrjr  aa  wall  at  tha  aadia,  tinea 
the  ratultant  tlae  conatant  It  a  balanca  bataean  tha  affect  of  haat  baiac 
conducted  dam  tha  brldgawlra  to  tha  binding  poata  and  haat  being  ecB> 
ducted  into  tha  aatarlal  turroundlng  the  brldgealraa. 

The  raaulta  ara  valid  for  low  fra^taey  if,  i.a..  for  fragaanelaa 
low  enough  that  taaparatura  aaaauring  inatruBaat  and  the  plug  aupportlng 
tha  brldgawlra  ara  not  abaotblng  energy  directly  froa  tha  alactrnaagntlc 
radiation.  Vhathar  eaaa  1,  8,  3  or  b  la  raalltad  dapanda  upon  tha  dniatlon 
of  tha  exndtatioB. 

Caaa  1.  Long  eoavarad  to  Inatmaantad  brldgawlra  tlaa  ecoataat. 

Cate  2.  About  a^ual  to  inttrummtad  brldgawlra  tlaa  oanataat. 

Caaa  3<  About  egual  to  loaded  brldgawlra  tlaa  ecaatant. 

Caaa  Short  eoaparad  to  both  loaded  and  Inatmaantad  brldgawlra 
tlaa  oonataata. 
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with  •  knowXadflt  of  the  duntion  of  th«  •xeltktion  oad  tlw 
relAtlve  vftluat  batveen  loadad  and  lutniMntcd  tbarMl  paraMttni 
of  the  davlee,  fairly  aaaningfiil  eatlaatea  of  the  teaperatux#  of  the 
loaded  hrldgewire  can  he  aade. 


aanwaicB 

1.  Denver  Raaearcb  laatltute  of  the  Uhlvereity  of  Denver,  flaadla 

P.  0.  Ko.  73'3$62,  Task  1  Report,  Tranalent  Raeponae  of  BteiaocottPle 
Inatruaented  BD'a,  September  19to> 

2.  Denver  Raeeareh  Znetitute  of  the  Uhlvereity  of  Denver,  Saadla 

P.  0.  Ro.  73-2$82»  3  eoA  k,  Report,  itwdy  of  Deiree  of  IP 

SlilatloB.  and  Inereaeed  Thefocouple  Senaltlvlty  (ecotaet).  to 
he  puhUahad. 
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48.  MEASUREMENT  Of  THE  LEAST  POSSIBLE  (liOBST  CASE) 

ATTfSIUATION  OP  PROTECTIVE  DEVICES  KSt  BED»S 

by  RamJe  H.  Thon^son 
The  Franklin  Institute 

ABSTRACT 

Devices  used  to  protect  electroexplosive  devices  EED's  from 
radio  frequency  energy  (RF)  are  usually  rated  in  ^  of  attenuation*  In 
nuuy  oases  the  quoted  attenuation  of  a  device  is  actually  the  measured 
insertion  loss.  Sit»:e  the  device  may  be  used  in  systesis  tdiere  both  the 
load  in^iedance  and  the  equivalent  generator  Impedaiwe  are  considerably 
different  than  those  of  the  system  in  >Moh  the  stated  attenuation 
(insertion  loss)  vias  measured,  a  method  has  been  developed  for  oaloulatii^ 
the  least  possible  or  'Nrerst  case**  attenuation  from  input-output  inqpedanoe 
measurements  of  the  device.  This  worst  case  attenuation  is  shewn  to  be 
the  saste  parameter  ^ch  we  have  previously  mt'msured  in  a  system  enjoying 
matching  networks  on  both  sides  of  the  •S8q)le. 

The  determination  of  the  least  possible,  or  worst-oase,  attenuation 
of  a  two-port  network  is  analysed,  using  non-dymaetricaUr  network  equivalent 
circuits.  The  analysis  assumes  that  the  two-port  network  is  composed  of 
l\aiq)ed  or  distributed  elements  or  combinations  thereof,  and  is  passive, 
bilateral  and  linear.  Fonmilas  for  cosqjutation  of  the  worst-oase 
attenuation  from  iipit-output  impedance  msasursMnts  are  presented.  This 
method  may  be  particularly  useful  at  Arequenoies  from  20  Ko  to  100  Mb  idtere 
impedances  can  easily  be  measured  but  matching  systeaw  may  become  lossy. 


The  effectiveness  of  a  protective  device  for  eleotroejq^sive 
devices  (EED*s)  is  usually  stated  as  being  "so  many  db  of  attenuatioif'. 
Prior  knowledge  of  the  aystem  in  \diioh  the  particular  protective  device 
is  to  be  installed  can  be  used  to  Justify  some  particular  definition  of 
attenuation.  Many  such  definitions  have  been  developed.  All  of  these 
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definitions  imply  that  attenuation  in  db  is  equal  to  ten  times  the 
logarithmic  ratio  of  two  values  of  power,  and  that  these  values  are 
measured  (or  predicted)  ^dien  the  energy  source  supplies  voltage  (or 
current)  sinusoidally  at  a  single  frequency.  The  specific  type  of 
attenuation  defined  depends  on  vdiat  values  we  Insert  in  the  ratio  and 
under  what  conditions  power  is  to  be  measured.  In  the  case  of  two-port 
protective  devices,  the  powers  to  be  measured  are  in  sene  my  associated 
with  an  overall  system  consisting  of  a  power  sillying  subsystem,  ^e  two- 
port  device  beir^  evaluated,  and  a  subsystem  that  receives  the  output 
power. 

In  circuit  terminology  the  system  that  st^lies  the  input 
power  can  be  coc^letely  described  by  an  equivalent  (Thevenin  equivalent) 
voltage  generator  and  series  isqjedance  or  an  equivalent  (NortMi  equivalent) 
current  generator  and  shunt  impedance.  The  system  that  receives  the 
output  power  can  be  represented  as  an  equivalent  load  impedance. 

9y  using  the  above  circuit  terminology  we  laplicltly  make  the 
asstm^tion  that  the  overall  qrstem  is  composed  of  finite,  linear,  passive, 
bilateral  elements.  The  above  string  of  adjectives  usually  contains  the 
wo3rd  *’liaqped1  It  can  be  shewn  that  for  any  one  frequency  a  two-port 
uniform  distributed  oosponent  system  oan  be  repreeented  by  an  equivalent 
iToped-cosponent  T  network.  Sinoe  we  are  disoussing  attenuation,  which 
has  a  fixed  meaningful  value  only  for  a  single  freqhenoy  excitation,  we 
may  include  thie  type  of  distributed  oo^ponent  network  in  our  lumped 
constant  description. 

Commonly  given  for  the  value  of  "attenuatiotf*  ie  the  insertion 
loss  of  a  proteoUvs  dsvloe.  All  insertion  lose  definitions  put  restrictions 
on  the  equivalent  generator  impedance  and  the  equivalent  load  impedanoe. 
For  instance,  fifty-ohm  ineertlmi  lose  (in  db)  equals  tsn  tlmss  the 
logarithm  of  the  ratio  of  output  power  to  the  avallsble  generator  pofwer 
when  both  the  equivalent  load  Impedance  and  the  Thevenin  equivalent 
generator  impedanoe  are  equal  to  fifty  ohnw.  In  general,  we  miy  categorise 


all  types  of  "attenuation”  that  put  restriction  on  the  equivalent  generator 
impedance  as  a  type  of  insertion  loss. 

All  other  types  of  attenuation  are  defined  in  terms  of  ttie 
input  and  output  powers  of  the  two-port  device  and  put  restrictions  on 
the  equivalent  load  impedance  only.  They  are  therefore  coo^letely 
independent  of  the  power-suppljring  subsystem. 

We  will  refer  to  this  type  of  attenuation  as  terminated  J.oss 
(TL),  since  it  depends  only  on  the  two-port  network  and  its  termination. 

A  classic  exaiq)le  of  this  type  of  attenuation  is  that  of 
"characteristic  Impedance  termination".  In  this  definition  no  restriction 
is  set  on  the  power  supplying  system,  but  a  strong  restraint  is  placed 
on  the  equivalent  load  lii^>edance.  Characteristic  ia^>edance  attenuation 
is  defined  as  ten  times  the  log  of  the  output  to  iiqait  power  ratio  tdten 
the  equivalent  load  Iji^danee  is  equal  to  the  irpit  characteristic  Impedance 
of  the  device  being  evaluated.  (The  ii^ut  characteristic  ispedanoe  of  a 
device  is  eqital  to  that  iB^;>edance  >hich  then  applied  to  the  output  terminals 
causes  the  itqmt  ijiq}edance  of  the  oaablnation  to  equal  the  terminating 
impedance).  This  definition  of  characteristic  impedaxtce  attenuation  can 
be  an?liod  to  both  synutrical  and  dissgnaaetrieal  devices.  Characteristic 
inpedaiwe  attenuation  is  associated  with  the  voltage  propa^tion  constant, 

(y  *  a  -i-  0)  which  is  much  used  in  trsnanission  line  work.  The  equivalence 
of  the  network  propagation  constants  and  transmission  line  propagation 
constants  is  based  on  an  escact  electrical  equivalence  (at  one  frequency) 
between  a  uniform  transmission  line  with  propagation  constant  y  ^  and 
chacteristic  ijipedanoe  Z^,  and  a  ^rmuetrioal  T  networic  as  dwwn  in 
Figure  1.  (The  T  network  is  not  necessarily  realisable). 

In  margr  eases  the  equivalent  load  l]iq>edanos  and  equivalent 
generator  isqjedance  of  the  actual  system  in  which  the  protective  device 
is  to  be  used  are  not  known.  Under  those  conditions  notte  of  the  types 
of  attenuation  mentioned  previously  will  be  correct;  moreover,  any  or 


all  of  them  may  be  either  greater  than  or  less  than  the  actual  effectiveness 
of  the  device  in  the  unknovm  system.  The  problem  of  evaluating  the 
effectiveness  of  a  universal  protector  (  one  vdiioh  will  provide  at  least 
some  specified  reduction  in  power  between  input  port  ai^  iQ£  tenninating 
EED)  illustrates  this  last  case  perfectly.  The  solution  in  the  past 
has  been  to  evaluate  the  device  in  a  ^stem  similar  to  that  diagramed  in 
Fi/i^ure  2.  In  this  arrangement,  a  lossless  piece  of  tranamission  line  is 
inserted  between  the  i upposedly  lossless  matching  systems,  and  the  systems 
are  adjusted  for  maximum  power  into  the  termination  {  this  adjustia^ 
will  give  aero  reflected  power.  The  maximm  power  is  noted,  and  the 
device  to  be  tested  is  inserted  between  the  matching  systems  which  are 
then  readjusted  so  that  again  the  reflected  power  is  aero  and  the  power 
to  the  termination  is  maximum.  The  logarithm  of  the  ratio  of  the  two 
powers,  multiplied  hy  ten,  is  the  matched  attenuation  in  deoihsls.  If 
the  lossless  matching  aystans  are  perfect  (i.e.  are  capable  of  transfonaing 
any  ia^daxtoe  into  any  other  ln^jedanee)  the  above  procedure  is  seen  to 
be  equivalent  to  holding  the  ix^t  power  to  the  (^lee  eonstaxit  while 
vaxyixig  the  equivalent  termination  ia^edaxxoe  until  the  output  power  is  a 
maxisiM.  Frm  our  previous  defixxitlon  of  temLxiated  loss  it  is  clear 
that  the  matched  attenuation  is  the  worst-case  (or  least)  texminated  loss 
axtd  from  here  on  will  be  referred  to  as  worst-case  attenuation  (db  ). 

This  quantity  la  a  characteristic  of  the  protective  device  aloxw,  idiich, 
under  axqr  iaqxedaiiBe  condition,  will  afford  this  attenuation  at  ths  very 
least.  At  high  frequencies  the  matching  lystam  Mthod  can  be  msploysd 
with  a  small  maxgin  of  error,  since  almost  perfect  matohixig  systems  can 

a 

be  ooxistruoted  of  coaxial  oosq^xtents  .  At  lower  firequenoies  lumped 
oosq^ents  must  be  aa^egred,  axid  the  matching  systems  become  lossy.  This 
xiot  only  limits  the  raxige  of  Impedanoa  traxisfozmation  of  the  network  but 
it  alao  adda  a  leaa  aaaoclated  with  the  matohixq^  Systeew  to  the  saeaaured 


The  loasee  in  a  matohing  syetem  ara  als(.  a  Amotion  of  tha  ixxtamal  TOHR. 
The  statsmexite  in  thie  paper  hold  for  VSHR'e  leae  than  a  hundrad. 


loss  of  the  device  under  test.  The  net  result  is  that,  at  low  frequencies, 
the  matching  method  of  determining  the  worst-case  attenuation  is  very 
uncertain,  particularly  if  the  same  matching  system  is  used  for  a  wide 
band  of  frequencies.  This  is  not  meant  to  imply  that  the  matching  method 
cannot  be  useful  at  low  frequencies  (40  Me  or  less)  for  evaluating  some 
particular  device,  but  that  it  is  extremely  difficult  to  design  a  matching 
system  that  will  transform  the  extremely  small  impedances  encountered  in 
some  present  protective  devices  to  a  common  transmission  line  in^dance 
without  excessive  losses.  The  design  problem  is  even  more  diffic'jlt  if 
the  system  is  required  to  work  over  a  wide  range  of  frequencies  and 
impedances. 

Since  the  worst-case  attenuation  is  a  characteristic  of  the 
protective  device  alone,  a  complete  electric  description  of  the  protective 
device  must  contain  the  information  necessary  to  calculate  the  worst-case 
attenuation. 


WORST-CASE  ATTENUATION  AS  A  FUNCTION 

If  we  represent  the  electrical  behavior  of  the  protective 
device  as  a  dissymmetrical  T  network  (this  is  a  consistent  with  our 
earlier  aasumptions)  and  the  equivalent  load  iji^>edanee  as  as  shown 
in  Figure  3;  the  expressions  for  input  and  load  power  arei 

■■ta  ■  ■*'  "in  O'  "l  ■  "l  <1> 

Where  the  asterisk  indicates  the  conjugate  of  the  oomplex 
quantity  or 

I-”*  ’in  -  V  O  'l  ■  ^  I. '  O  O  ■  I  ^  ■  I  \i 
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(3) 


Now,  by  inspection  of  Figure  3,  \ 


in 


and  the  ratio  of  load  to  input  power,  fran  Equation  2,  is  therefore 


il! 

R 


If  we  square  the  magnitude  given  by  Equation  3  and  oubr^itute  in 
Equation  4,  we  obtain 


(4) 


zj^  Re  {Zt^ 


The  ii^iut  impedance  can  be  written  as 


“in 


Zg  +  Z3  +  Zj^ 


(5) 


(6) 


If  we  substitute  this  in  equation  5  then,  with  a  little  manipulation,  we 
obtain 


^in" 


The  terminated  loss  egq^ssed  in  decibels  of  the  disayasitrical- 
T  network  (and  therefore  of  its  electrically  equivalent  protective  device) 
terminated  by  an  iaq)edanoe  Z^  would  be  given  as  ten  tiaws  the  logarithm 
of  equation  7,  acorarding  to  our  early  definitidn  of  TL.  To  obtain  an 
vqpTMsion  for  the  worst  case  attmauation  we  must  find  the  worst  case 
terminated  lo8S,whioh  would  be  associated  with  the  "»»»<■»■  value  of 
equation  7.  If  we  let  Zj^  ■  0  +  J  H,  Z2  ■■  K  +  J  L,  Z3  ■  P  +  J  Q,  Zj^  ■ 

X  -t-  J'  y  and  substitute  these  values  in  Equation  7  we  obtain 


(9) 


vdiere  D  =  x^'  [G  +  K]  +  [G  +  k]  +  y  V  +  x  U  +  R 
V  2GQ  +  2GL  +  2KQ 
U  =  2GK  +  2(3>  +  2ICP  + 

R  «  ac^  +  2GPK  +  +  (a>^  +  KP^  +  PL^  +  2GQL  +  GL^  +  +  KQ^ 

Taking  the  two  partial  derivatives  of  equation  8  with  respect  to  x  and  y, 
setting  them  equal  to  zero,  and  solving  the  resulting  equations 
simultaneously,  we  obtain  the  load  impedance  that  will  maximize  the  power 
ratio.  We  will  refer  to  this  impedance  as  worst  case  impedance  (^}« 

^wc  "  \c  +  J  ^wc 

l.e.  X  -  (fl  t  K)  JlZ 

^***  V  2  (G  +  K) 


^we  “  2  ^0  +  K) 

whore  R  and  V  are  defined  by  equation  9.  The  worst-case  attenuation  for 
the  dlssynmetrioal  T  netvork  Is  therefore  given  by  tan  tines  the  logarltha 
of  equation  7  when  (as  defined  by  equation  9)  is  substituted  for  Z.  • 

The  analysis  above  was  actually  carried  out  after  a  slnllar 
analysis  of  a  nyzsietrical  T  network  was  perfomed.  The  solution  to  this 
case  can  of  course  be  W  fToei  the  above  dissyntrioal  solution  by  plaoing 
P  ■  0  and  Q  ■  H.  The  expression iors;^  *  ^  {z;^}  can  be  factored  ,  in 
the  sysBMtrical  ease,  yielding 


Re  IZ^) 


(0  +  Kr 


A  dual  purpose  oosiputar  progrsn  was  written  both  to  eheok 

the  analysis  and  to  cosq^ute  db^  if  the  open  and  riwrt  circuit  ii^ut  liiyedanees 

(Z^  and  Z..)  are  known  (fbr  a  ansNtrical  T). 

00  *0 

The  part  of  the  progran  for  oheokiiy  the  analysis  nsrely  ooaputes 
Pj^  if  Z^,  and  Z2  are  given  (see  Figure  4).  We  nake  the  oheck  by 


picking  particular  values  for  and  calculating  Z^  (from  the 
analysis),  and  then  letting  the  computer  e^luate  for  equal  to  Z^^. 

^’in 

We  then  compute  the  ratio  with  Z^  very  close  to  not  equal  to  Z^«  If 
Z^  >  Z^  does  truly  maximize  the  ratio  (that  is,  if  our  analysis  is 
correct)  then  all  the  values  of  the  ratio  associated  with  Z^  close  to 
Z^  will  be  less  than  the  ratio  evaluated  with  •"  The  results  of 
two  checks  are  presented  in  Table  1.  The  results  indicate  that  the 
analysis  is  correct.  A  worst-case  analysis  using  Z^  and  v  to  describe 
a  unlfo»  transBdssion  line,  and  Z^  as  the  independent  variable,  has 
been  performed  by  Mr.  Charles  Stonecypher*  and  the  results  check  those 
of  the  symetrioal  T  solution.  Table  3  ^ows  the  results  of  two  such 
cosqparisons  of  results  from  the  separate  analyses. 

If  eq^ation  10  is  substit'xted  into  equation  7  along  with  ■  0  -f  jH, 
Z2  ■■  K  4-  JL,  Z^  n  P  4-  JQ  we  obtain  the  worst-oase  power  ratio  as  a  function 
of  0,  K,  L,  and  P** >  Note  ^t  this  worst  case  power  ratio  is  Independent 
of  Q  and  R,  the  reaetanoea  of  the  series  arms  of  the  disayasetrioal  T. 

This  property  can  be  deduced  by  rwwaihsring  that  the  worst  ease  attenuation 
is,  for  perfect  matching  iystsBM|the  sass  attenuation  that  would  be 
measured  by  the  spstsm  indioated  in  Flfure  2.  Rare  it  sesas  bbvioos  that 
the  addition  of  rMotive  networks  between  the  device  being  tested  and  the 
matching  spstsms  will  net  change  the  result  of  the  measursaent,  because 
we  can  always  crasider  these  reactive  networks  as  part  of  the  lossless 
matching  qrstsas. 

0 

Of  the  Frahklia  Institute  Laboratories,  Applied  Fbgrsics  Lab, 

This  cmclusion  was  net  actually  veriAed  by  sidMtltutlng  in  the  ease 
of  the  iwjn  systrical  T,  but  is  valid  as  will  be  riMsm  lat«r. 


DETERMIMTICM  OF  WORST-CASE  ATTENUATION  FRCM  TOE  TERUmL  mPEDANGES 
OF  THE  PRQTECTJVE  DEVICES 

The  worst'-caoe  attenuation  of  a  known  T  network  can  be  ccisputed 
by  use  of  eqs.  7  and  9.  A  computer  program  was  written  to  compute  the 
equivalent  T  network  of  a  protective  device  from  impedance  measurements 
at  the  terminals  of  the  device  and  evaluate  the  WDrst'*ease  attenuation 
of  the  T  network  by  the  formulas  of  preceding  sections.  There  are  two 
sources  of  errors  in  the  calculated  worst-case  attenuation:  round-off 
error  in  the  computer^  and  error  in  the  ifflpedar.ce  measurosents.  The 
computer  round-off  errors  are  estimated  to  lead  to  an  error  of  no  more 
than  li^  in  the  calculated  attenuation.  With  the  is^danoe  measurix^ 
equipment  that  we  are  usings  worst-case  attenuations  of  more  than  20  db 
are  uncertain.  Better  measuring  equipment  woxU.d  improve  this  figure. 

As  mentioned  earlier  a  very  ijiqportant  property  of  the  worst-ease 
attenuation  parameter  is  that  it  should  not  vary  if  lossless  networks 
are  inserted  between  the  measurement  points  and  the  device.  For  instance^ 
we  should  arrive  at  the  same  result  for  worst-oase  attenuation  (see  Figure  5) 
whether  we  perform  impedance  measureewnts  at  terminals  W  and  BB*  or  at 
terminals  US  22*.  Ve  cheeked  this  property  of  the  worst-oase  attenuation 
parameter  by  assuming  the  device  shown  in  Figure  6.  Ve  assigned  various 
values  to  ^1.  ^02*  6t2»  then  computed  what  ii^ut  and  output  impedances 

would  be  measured  at  terminals  U'»  and  22*  for  each  selected  set  of 
values  for  the  lossless  networks.  These  calculated  iiqpedanees  were  used 
as  ixpit  data  for  the  ooiqniter  program.  The  results  are  shown  in  Table  2. 

The  sixth  coltmn  of  Table  2  indicates  tdiether  the  equivalent  T 
network  (determined  hy  the  oaq^ter  program)  between  teiminals  U'»  22* 
(Figure  6}  is  rsalisabls  or  not. 

Vs  mentioned  earlier  that  the  equivalent  T*a  of  networka  containing 
unifom  transmiasion  lines  were  not  neceasarily  phyaioally  realisable. 

Ve  believed  that  our  analyeis  of  the  power  transfer  ratio  in  T  networks 
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was  s'jfficiently  genera!!  tc  Include  non>realized>le  el«nents  (we  had  oade 
no  assumption  that  would  exclude  them)  but  we  had  no  ea^  way  to  showing 
this.  Fortunately,  seme  of  the  equivalent  T  networks  of  our  check  in 
the  worst-case  attenuation  program  gave  this  condition.  Since  w«  obtain 
the  same  worst-case  attenuation  with  a  non-realisable  T  as  with  a 
realizable  one  (Table  5}  we  consider  the  point  proved. 

The  dissymnetrical-T  con^juter  program  must  calculate  the  equivalent 
T  network  between  the  measureawnt  points,  from  the  measurements  of 
impedances  at  these  points.  It  can  be  shown  that  this  is  a  sijnqple 
calculation  if  any  three  of  the  following  four  impedances  are  known 
(see  Figure  5,  in  which  the  measurement  points  would  be  terminals  11* 
and  22',  and  the  confuted  T  would  be  equivalent  electrically  to  the 
entire  circuit  between  these  tezminals). 


Z,.»i  ,  t  ^22*1  '  ^22»i 


“11» 


\  -  0  \ 


^Lio  h 


The  objection  to  using  throe  of  the  above  parameters  was  that  at 
high  frequencies  the  location  of  an  opm  circuit  and  an  open  circuit 
itself  are  notoriously  difficult  to  dsfins*  Vs  dooidsd  to  dsrive  the 
equivalent  T  network  in  terms  of  any  three  of  the  following  four  impedances. 


2l- 


-  Zui 

-  c.  Z22» 

z. . 

z*  z. 

z. 

3. 


where  -  e  is  any  Inown  ljq)edanoe.  Ve  Intended  to  make  50  ohms 
in  the  actual  meaeuremente  since  this  is  a  ooasMnly  available  texmlnatlon. 
Aj^endlx  A  gives  the  derivation  for  the  equivalmat  T  for  two  groups  of 


■«*: 

*■ 


4d-10 


the  above  parameters  (a,  b,  c,  e)  and  (a,  b,  d,  e).  The  computer 
program  determines  the  T  networks  corresponding  to  each  of  the  groups 
and  presents  them  as  part  of  the  program  output;  therefore,  the  actual 
measurements  are  those  of  a,  b,  c,  and  d  when  e  =  50  ohms.  If  the  two 
independently  derived  networks  do  not  agree  we  imtediately  know  that  the 
impedance  measurements  are  not  correct.  This  affords  a  built-in  check 
of  the  measurement  procedure.  As  a  check  of  the  solution  given  in 
Appendix  A,  data  from  each  row  in  Table  2  v;ere  substituted  into  the 
variables  shown  in  Figure  6}  i.e.,  gt  and  2^.  Each  equivalent  T  network 
was  calculated  from  the  a,  S,  c,  3  parameters  which  were  obtained  by 
terminating  the  actual  network  (Figure  6,  with  values  from  a  row  in 
Table  2)  with  e  equal  to  1,  7»  50,  500,  10^  and  10^  ohms.  This  procedure 
yielded  12  independently  derived  equivalent  T  networks  for  each  row  of 
Table  2.  The  elements  of  the  equivalent  T*s  agreed  to  at  least  six 
significant  figures  within  each  row.  The  a,  b,  e,  3  parameters  for  this 
cheek  were,  of  course,  calculated  by  another  computer  program,  since 
hand  calculation  would  have  been  impractical  for  the  degree  of  accuracy 
required. 


gagffifflg 

An  interesting  property  of  the  worst-case  impedance  of  a  syBrnetrioal 
network  is  that  it  can  be  defined  in  much  the  same  way  as  the  characteristic 
iaqpedance.  The  characteristic  impedance  is  defined  as  that  impedat»:e 
which  vdien  used  as  the  terminating  impedance  causes  the  ii^ut  Impedance 
to  equal  the  termination  is^edance.  For  a  symmetrical  network,  the 
worst-case  impedance  is  that  Is^daiue  which,  when  used  as  the  terminating 
isq;>edance,  causes  the  input  impedance  to  become  the  complex  conjugate  of 
the  termination  impedance  .  Using  equation  5  (and  recalling  that  for  the 
synmetrical  case  >  Z^}  and  the  above  definition  for  symmetrical  Z^, 
the  worst-case  attenuation  erqu'esslon  for  a  symmetrical  network  can  be 


This  can  be  shown  by  solving  for  the  impedance  which  fulfills  the  above 
definition  and  noting  that  it  is  the  same  as  syTonetrlcal  Z  as  defined 
by  the  worst-case  analysis. 
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expressed  as 


db  „  =10  log 

wc,, 
sym 


^2 

2 

I  =  20  log 

^2 

+  Z  2 

Z,  +  Z-  +  z 

1  2 

VC 

1  2  wc 

(32) 


a  considerable  simplification.  It  Is  possible  that  equation  12  can  be 
used  as  the  basis  of  a  design  equation  for  unlfom  distributed  networks. 

An  effort  has  been  ru-^.de  to  obtain  (for  the  symmetrical  case)  as  a 
simple  function  of  various  pairs  of  eooiBon]^  used  network  coefficients 
but  we  have  had  no  success. 

Equation  ?■  which  e^qpressed  the  tenninated  power  ratio  as  a  function 
of  the  load,  can  be  used  to  develop  another  method  of  nmasuring  worst* 
case  attenuation.  If  the  partial  differentials  of  equation  7  in  relation 
to  the  real  and  imaginary  parts  of  the  load  isqjedance  are  set  equal  to  sero, 
the  worst-case  power  ratio  is  found  to  be  an  expression  eontainlt^  four 
constants.  The  power  ratio  itself  can  be  e9q)res8ed  In  terms  of  these 
four  constants  and  the  real  and  imaginary  parts  of  the  load  iiq>edanoe. 

It  turns  out  that  the  four  constants,  and  hence  the  worst-case  power 
ratio,  can  be  uniquely  defined  if  the  power  ratio  is  measured  four  times 
using  a  known  real  texmnatiiy  iag>edanoe  for  three  of  these  measurestents 
and  a  known  convex  tensinating  impedance  for  the  fourth  measureiaent. 

Ve  are  investigating  the  feasibility  of  such  a  qretem  s:’'<ce  the  \9per 
limit  of  the  attenuation  that  can  be  measured  may  be  very  hi^. 
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Table  1 


RESULTS  OP  CHECKINO  PROGRAM 
TGR  SXMMBTRIGAL-T  ANALTSIS 


Caee  I  Z^“l+jl  =  Z2 


Calculated  Zwc 
(Frem  AnaUala) 


Value  of  Zl 


Reenilting 


Resulting 

P. 

10  log  5*^  (db) 


1.936  -  i  1.5 


1.936 

-  5 

1.5 

.32W 

-  8.9613 

1.8 

-  .1 

1.4 

.3267 

-  8.970 

1.8 

-  5 

1.6 

.1267 

-  8.970 

2.0 

-  3 

1.4 

.1269 

-  8.965 

2.0 

-  5 

1.6 

.1269 

-  8.965 

Case  II  Z^-2  +  i  -  4  +  j  5 


5.8214  -  4.6666  5.8214  -  j  4.6666  .271780  -  5.6578 

5.72  -  J  4.5  .271708  -  5.6589 

5.72  -  i  4.75  .271748  -  5.6583 

5.92  -  J  4.5  .271732  -  5.6589 

5.92  -  j  4.75  .271750  -  5.6583 
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Table  2 


RESULTS  OF  WORST-CASE  ATTENUATION  mXSm  CHECK 


z 

B^i 

^2 

Calculated 

Equivalent 

Network 

Ohms 

Radians 

fihma 

_ tt/MS. . 

ReaHeable 

50 

0 

50 

0 

7.A0 

yes 

50 

.5 

50 

.5 

7.40 

yes 

50 

1 

50 

1 

7.40 

no 

50 

1.5 

50 

1.5 

7.40 

no 

2 

1.5 

2 

1.5 

7.39 

yes 

1000 

1.5 

1000 

1.5 

7.40 

yes 

2 

1.5 

1000 

1.5 

7i40 

yes 

50 

0 

50 

1.5 

7.40 

no 

2 

1.5 

1000 

.5 

7.40 

yes 

Tftble  3 

CCHPARISON  OF  T  AND  DISTRIBUTED  NETWSK  FRn>ICTI(»lS 


Network 

T  -  Network 

Distributed 
Network  Prediction 

Zo  "  7*68  /54.4* 

Y  -  1.01  +  j  .04 

V,- 

T  -  Network 

Distributed 

Zp  "  7.04  Ab.4* 

U  -  ’-37 

Y  -  0.258  +  J  0.549 

K,  -  “•*3- 
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APPENDIX  A 


DISSYMMETRICAL  T  NETWORK  DETERMINATKai 


Given  the  network  is  shown  in  Figure  A-1.  We  wish  to  find 
X,  y,  a  frmn  either  a,  F,  c,  and  e  or  from  a,  F,  3,  and  e,  where  these 
parameters  arc  defined  as  follows: 


a  =  Z 


11' 


F  =  Z 


11' 


c  =  Z 


22' 


Z^=0 


3  -  Z 


22' 


(A-1) 


e  =  arbitrary  impedance. 

From  Figure  A-1,  by  inspection 

a  “  X  + 


B  + 


jra..... 

y  +  z 

(A-2) 

y  +  z  +  e 

(A-3) 

,Jg. 
y  +  X 

(A-4) 

y  +  X  +  e 

(A-5) 

For  our  first  solution  we  use  Equations  A-2,  A-3,  and  A-4, 
^ich  can  be  rewritten  as 

a  (y  +  b)  =  xy  +  xz  +  y* 
b(y  +  z)+be-e(y  +  x)"xy  +  XB+yz 
c(y  +  B)«3gr+xB  +  yB 
If  we  let  ^ 

y  +  »  ■  t 

y  +x  -  # 

xy+xai+y»“6  ) 


(A-6) 

(A-7) 

(A-8) 


(A-9) 
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then  we  can  rewrite  Equations  A-6,  A-7,  A-8  as 


a  ill  -9=0 
biji-e^-S  =  -  bo 
e  ?  -  0  =  0 


(A-10) 


These  may  be  solved  by  determinants. 


where 

|Dj  «  a  (e  +  o)  -bo 


(A-11) 


If  we  substitute  Equations  A-11  in  Equations  A-9>  end  solve 
the  resulting  system  by  substitution,  we  obtain 


Equations  A-12  are  the  desired  solution  for  our  first  parameter  group 
(l»  T5,  ?  and  7). 
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For  the  second  group  we  use  Equations  A-5,  A-6,  and  A-7  and  make  the 
same  change  of  variable  as  before  (Equations  9).  We  obtain 


a  f  —0=0 

bi|t-e0-6  =  -  be 

et  +  d^-S  ■■  -  de 
vrtiich  when  solved,  give 


\ 


) 


(A-13) 


a  -  lit 

^ere 

Id]  =  e  Ca  +  e]  -*■  d  C*  -  b] 


(A-U) 


If  Equations  A-14  are  eubstiiuted  in  Equations 
solved  bjr  substitution,  we  obtain  the  solution 


9  and  the  rssultinc  qrstea 
for  the  second  grovp 


Ttiis  solution  is 


The  solutions  for  both  grotq>8  msr*  checketl  bgr  substitution 
in  squstions  A-2  thru  A-5.  It  should  be  noted  that  x,  y  and  t  are  in 
general  eaqplex>  as  are  a,  b,  c,  d  and  e. 
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50,  Picatlimy  ArawMl  RF  Progna 
St«al«7  H.  AdelMB 
PlcttiB^r  Art«Ml»  Dov«r«  N,  J. 


Introduction 

Picatlniqr  Arannnl  flrtt  b«c«M  activnly  Involvad  in  tlM  HMO  profran 
In  19S2 .  for  a  nuid>ar  of  yaara  tha  finding  avallabla  for  tUa  work  ma 
oxtraaMly  liaiud  and  of  fMcaaaity  wa  con^tad  a  ahoa  atrlng  oparatlon. 

Moat  of  tha  affort  had  to  ba  chaanallad  Into  an  araa  whom  It  appaarad 
that  tha  ratuma  would  ba  ^ataat  In  proportion  to  tha  aoMp  apaat. 

Iha  aajor  ohjactlva  waa  tha  daaalopawat  of  a  aolld  atata  attaauator 
which  could  ba  aaally  Incorporatad  Into  oxlatlng  Initiator  daalgM  and 
which  would  not  dagrada  tha  parfomaaea  or  tha  atahlllty  of  tha  laltlatora. 

Tha  davalopaant  of  tha  poudarad  Iron  aatarlal  and  Ita  aueeaaatul  laeorpo- 
ration  Into  a  ouhbar  of  laltlatora  haa  partially  fulflllad  thla  ohjaetlva. 

Zt  la  guallflad  aa  a  partial  aolntlon  bacauaa  thla  aatarlal  doaa  not 
provide  aa  aueh  attaauatloa  for  aoat  laltlatora  at  tha  lowar  fraguaaelaa 
aa  la  nocaaaary. 

flcatlntqr  If  frograa 

luring  tha  paat  faw  yaara,  aora  aupport  baaaaw  avalUhU  for  thla  prograa. 
Goaaaguantly,  aora  affort  haa  boon  aapandad  In  araaa  which  warn  paaaad  hy 
bafora  and  which  ahould  ba  Includad  la  any  wall«lntagratad  If  prograa.  Iha 
prograa  In  which  tha  Araanal  la  now  ingapil  nay  ba  broban  dawn  aa  followat 
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1.  Detign,  dev«lopaetit  *1111  Utting  of  attenuating  sateriala 
and  davicea, 

2.  Paaign,  davelopawnt  and  taatlng  of  alactroaxploaive  davicaa 
incorporating  KF  attanuatora. 

3.  Engineering  the  itana  developed  and  aanufacturing  tachniquaa 
to  qualify  thaaa  itaaa  for  anaa  production. 

4.  Analyaia  of  vulnerability  of  warhead  aactiona  by  BMt^‘e«Btical 
da termination. 

5.  Vulnerability  teating  of  alactroaxploaive  davicaa  and 
aaaaabliaa  in  tha  laboratory  and  in  the  field. 

6.  Betaraination  of  aafaty  liaita  for  vulnerable  aainitiona. 

7.  Beaign,  acquiaition  and  inatallation  of  oquipaMnt  and 
inatrunantation  for  performing  IF  aenaitivity  taata  and  attenuation  aaaaure* 
manta. 

I.  Daaign,  aoquiaitioo  and  inaullation  of  aqulpaant  and 
inatruaantation  for  detaimining  tha  probable  vulnerability  of  warhaad 
aactiona  and  aaaaaibliaa. 

9.  laatrumantlag  warhead  aactiona  for  field  taatlng. 

Implamanutlon  of  Frograma 

fhaaaa  1,  2  and  S  have  boon  actively  purauad  from  tha  inception  of  an 
IF  program  at  Flcatinny.  Many  matarlala  am*  davicaa  have  bean  taatad  for 
attenuation  and  related  propartiaa  and  RF  attanuatora  have  bean  incorporated 
into  a  nuitber  of  alactroaxploaive  davicaa.  Thaaa  are  new  In  varloua  atagaa 
of  the  production  anglnoorlng  phaaa  of  thair  davelopmant  which  la  Vhaaa  3. 

An  impertaat  corollary  to  lhaaa  1  la  an  invaatigation  into  tha  mechanica  of 


rii 'fttWis  wero*,.  .'Bntft.-iaiteei  ■  Ihii.-  T; 

li'.u.y  |rBW  td  Isb  tfit  atiM  itspiijt.#rit  in  ttihg ,  irms  tltam  an^ 

ni'.t  /  v^iik  iSo'  ftii  -Boinj'  fclse4  ie  luada  ti  t&fc  aWeiopmeiit  oi  t»uSh  fflor*  ■  . 
e-fflcie,at  atiftnuatiAf  Materials. 

ticatiriny  has  also  petforaed  sfcvsrol  -tfulnaraBtl Ity  anslysfci  of  aafScad 
afid  Xh^ae  are  maihdotaciaal  dsteriaiodtiunS  basB-d  upon 

km^ji  nhysicAi  t-tittf iguratioits  af  tht  Itetti  o£  coMeTO.  Th»  end  Wsult  is  tt 
Hating  o£  frcqusneles  eft*J  eaei'iy  levels  to  which  the  lieft  be  vulwfahle 
ll  any  sych  estist.  ilidse  anaiyses  Mte  valuable  lu  polnlxtig  out  iteMS  auu 
conditions  foi*  actual  tBSting. 

Phase  5  httS  Wen  an  exirewely  active  portion  of  oof  program  heeaus# 
no  RF  sansitivliy  data  Is  availaHlc  tor  the  groat  majority  of  initiator^, 

In  the  coursB  of  planned  work  and  In  fulfilling  requests  for  such  data 
from  other  agencies,  a  considcrabla  body  of  data  has  been  amassed  in 
Kibiraiory  determination*.  Field  test  data  is  much  more  Hratted  in  stopc- 
with  (isily  the  M6  glasting  Cap  being  subjected  'o  j  large  number  of  field 
li'Sts.  Tilt;  1*421  and  XM66Ei  Delfn-ilors  have  alui  tseen  field  tested  but 
ri'U  ns  intent' as  the  H6 . 

A-s  an  aiijuiict  t  =  t  tht-sv  itudji'S  ficatinny  has  d  t  u-mpii'd  lo  si-t  up 

iitrilts  tor  ibt*  hanullng  and  uso  o£  thi’  Hh  Blsjsting  Cap  in  rt  l.ition 
tu  Lranss^i !  ti-'f  h  .  Ciaitinu^tlwi:  tsf  ihr&t  InvtiS  t  i  RS  t  Icmii  wiH  s,-nafi1'' 

limits  tu  hv  sot  up  ior  mofi?  und<-r  a  widut  variety  tundliiui 

Ciinc  uf  viib  th^*  wx-rk  tlt*sc  f  ihi-'u  wt*  htivv-  nut?us  b\i  i  liij  rii*  u|-  j  r.ipab  1  i 


li'-r  jii' r  I  urmi  ng  HF  ivi  tv  iirsti  I't  init  i.iit  r-.  ana  > 

i  *1  -■HSi.iJit  11=’  Ar-4i':'i.-.  1  iia:i  niii-'-  hv 


and  Installing  equlpnent  £oi  determining  the  probable  vulnerability  of 
warhead  sections  and  assemblies.  Fortunately,  an  existing  building  has 
been  obtained  for  housing  this  equipment  and  considerable  hardware  has 
already  been  procured. 

l>uring  the  period  when  this  capability  has  not  been  available,  warhead 
sections  have  been  instrumented  for  exposure  tests  in  the  field.  Since  this 
type  of  testing  does  not  permit  the  controlled  conditions  attainable  in  our 
planned  setup,  it  is  regarded  as  an  interim  procedure. 

Conclusion 

This  outline  of  Ficatinny's  activities  in  the  IF  program  has  been  presented 
in  order  to  give  you  an  idea  of  their  scope  and  their  nature.  A  number  of 
speakers  will  follow  who  will  give  a  more  detailed  insight  into  specific 
phases  and  problems.  However,  this  is  the  general  picture  of  Ficatinny's 
SF  program. 


51.  IlffRARED  DETECTOR  TECHNIQUES  Fffi  ESTIMATING 
THE  RF  POWER  IN  A  HEATED  BRIDCffi  WIRE 

By 

John  P.  Warren 
The  Franklin  Institute 

When  electroexplosive  devices  are  exposed  to  a  source  of  RF 
energy,  a  knowledge  of  the  amount  of  this  energy  which  actually  reaches 
the  bridgewlre  is  extremely  desirable.  A  direct  measurement  of  thie 
energy  would  be  preferable  if  at  all  possible.  Such  a  measurement  made 
at  the  leads  of  the  device  is  practical  when  the  source  of  exposure  is 
a  direct  current  or  a  low  fretpiency  ac  generator.  We  simply  measure  the 
power  entering  the  leads  of  the  device  and  assume  that  the  major  portion 
reaches  the  bridgewlre. 

However,  as  the  frequency  is  raised  into  the  RF  region,  direct 
measurement  of  power  at  the  leads  beccoee  increasingly  difficult  and  the 
assunption  that  all  of  this  power  reaches  the  bridgewlre  becoir's  invalid. 
We  niuet,  therefore,  make  our  measurement  directly  or  indirectly  at  the 
bridgewlre  itself.  A  meaeurement  of  this  type  Impllee  removal  of  the 
exploeive  material  in  the  EEO  and  eubstitutlon  of  a  detector  in  the 
vicinity  of  the  bridgewlre.  This  detector  may  be  physically  or 
electrically  attached  to  the  bridgewlre.  However,  physical  attachment 
immediately  cauees  questions  regarding  the  effect  of  this  attachment 
on  the  RF  and  thermal  characteristics  of  the  EED.  To  avoid  thie  dif¬ 
ficulty  we  use  an  indirect  method  for  estimating  the  thermal  effect  of 
the  RF  power  in  the  bridgewlre. 

It  ehould  be  emphasised  at  thie  point,  that  modification  of  an 
EED,  in  any  way  at  all,  le  likely  to  change  the  RF  characterietice  of 
the  device  to  eome  extent.  This  ie  particularly  true  at  very  high 
frequenclee  euch  a.<!  1  to  10  Gc.  Therefore,  gU  currently  known  msthode 
for  Instruiuntlng  an  EED  at  the  bridgewlre  tend  to  degrade  the  device  to 
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the  function  of  a  "simulated"  version  of  the  unmodified  device.  Results 
from  our  precision  firing  studies^^'^  have  shown  that  the  use  of  simulators 
is  valid  provided  that  the  loss  in  the  base  of  the  EED  is  not  excessive. 

One  obvious  method  for  estimating  the  amount  of  energy  in  a  bridgewire 
is  to  compare  the  heating  effect  of  applied  RF  energy  with  that  of  a 
known  dc  power.  When  the  heating  effect  is  the  same  for  both,  the  two 
power  levels  are  equal.  The  principle  will  be  recognized  as  the  "transfer 
technique"  employed  for  precision  ac  measurements  in  standards  laboratories. 

The  transfer  technique  is  valid  in  principle  when  applied  to  the 
bridgewire  of  an  EED,  if  we  may  safely  assume  that  the  same  amounts  of 
power  (RF  and  dc)  produce  identical  heating  effects.  If  the  bridgewire 
is  small  in  diameter  (.002  inch  or  leas)  and  on  the  order  of  several 
tenths  of  an  inch  in  length,  we  have  every  reason  to  believe  that  the 
above  principle  holds  -  at  least  up  to  fretfiencies  of  1000  megacycles. 

We  have  therefore  employed  this  principle  during  most  of  our  current  RF 
firing  testa.  Such  a  teat  will  be  very  briefly  described  in  the  following 
paragraphs . 

The  case  of  the  EED  is  cut  open  at  the  explosive  end  and  the 
explosive  material  is  removed  to  expose  the  bridgewire.  The  EED  is  then 
installed  in  a  specially  constructed  RF  mount.  A  light-tight  housing 
containing  a  photo-conductive  infrared  detector  is  then  placed  over  the 
mount  to  intercept  radiation  from  the  bridgewire.  The  mount  and  the 
housing  used  for  tests  of  the  MARK  1  MOD  0  squib  are  shown  in  the 
Figure  1. 

The  mount  and  detector  assembly  is  then  connected  to  a  source 
of  RF  power.  RF  power  sufficient  to  raise  the  bridgewire  to  a  temperature 
roughly  corresponding  to  the  50<  RF  firing  level  is  then  applied.  The 
output  of  the  infrared  detector  is  noted.  The  mount  is  then  disconnected 
froa  the  RF  system  and  connected  to  a  variable  source  of  dc.  The  power 
is  Increased  until  the  Infrared  'detector  has  the  same  output  as  it  did 
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for  RF,  when  it  is  measured  accurately  using  a  Leeds  and  Morthrup  "K" 
pot.  The  transfer  technique  is  fully  described  in  one  of  our  reports^^^. 

Our  methods  for  comparing  the  heating  effect  of  RF  and  dc 
energies  in  bririgevdres  are  not  unique  since  similar  techniques  are 
employed  in  various  laboratories  throughout  the  country.  Thermocouples, 
bolometers,  thermistors  and  photo-conductive  as  well  as  plioLo-voltaic 
detectors  are  utilized  in  this  work.  The  complexity  of  the  companion 
instrumentation  for  these  detectors  varies  according  to  the  sensitivity, 
stability  and  accuracy  requirements  imposed  by  each  particular  user. 

In  our  own  work,  we  have  chiefly  used  infrared  detectors  to 
determine  the  amount  of  RF  energy  in  a  bridgewire  when  it  is  energized  to 
the  50^  firing  level.  When  testing  at  this  level  there  is  no  requirement 
for  a  highly  sensitive  detector  and  ultra-sophisticated  instrumentation. 
Stability  and  repeatability  of  results  are  far  more  important  than 
sensitivity.  Two  of  the  detectors  which  we  have  found  most  satisfactory 
will  be  described  in  this  report  along  with  pertinent  details  of  the 
instrumentatiou  necessary  for  their  use. 

While  there  are  many  types  of  photo-conductive  detectors 
available  that  are  responsive  to  light  and  infrared  radiation,  our 
discussion  will  be  limited  to  several  specific  ones  which  we  have  used 
extensively.  These  detectors  are  the  Clairex  CL-404  and  the  Ektron  type 
N-2  cells. 

The  CL-404  detector  is  a  cadmium  sulfide  photo-conductive  cell 
with  a  spectral  response  peak  at  0.69  microns  (6900  Angstroms).  However, 
the  response  extends  past  1  micron  and  into  the  near  infrarod  region. 

This  detector  requires  a  minimum  amount  of  instrumentation  and  is  most 
useful  for  detecting  radiation  from  a  bridgewire  whose  tenperature  is 
near  the  glow  point.  The  cells  and  further  information  regarding  their 
characteristics  may  be  obtained  from  the  Clairex  Corporation,  19  West 
26th  Street,  New  York  10,  New  York. 
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The  Ektron  N-2  detector  is  a  lead  sulfide  cell  with  a  peak 
spectral  response  at  2  microns.  The  useful  response  extends  to  about 
3.5  microns.  It  is  therefore  useful  for  detecting  radiation  from 
bridgewires  heated  to  temperatures  well  below  the  glow-point.  However, 
it  requires  more  elaborate  instrumentation  than  the  Clairex  cell  and  is 
therefore  less  attractive  for  purposes  which  do  not  require  the  extra 
sensitivity.  These  cells  and  additional  information  regarding  their 
characteristics  my  be  obtained  from  the  Eastman  Kodak  Company  -  Special 
Products  Sales  Section  -  Rochester  4,  New  York. 

The  instrumentation  necessary  with  the  Clairex  CIi-404  cell  is 
relatively  simple.  This  cell  is  photo-resistive  and  has  a  dark  resistance 
on  the  order  of  thousands  of  megohms .  The  actual  dark  resistance  for  a 
particular  cell  will  depend  primarily  on  the  voltage  whiol.  ers-.jpplied 
across  the  cell.  Exposure  to  a  bright  light  will  lower  this  resistance 
to  thousands  of  ohms.  The  resistance  is  typically  around  500  kilohms 
when  mounted  above  the  glowing  b-ridgewire  of  a  MARK  1  MOD  0  squib.  It 
is  thus  evident  that  an  ordinary  ohrameter  may  serve  as  an  output  indicator 
for  the  cell  when  the  bridgewire  is  at  a  relatively  high  tsnperature. 

A  Triplett  Model  63O  multimeter  has  been  used  for  this  purpose  in  our 
work. 

Bruceton  tests  with  the  MARK  1  MOD  0  squib  and  the  MARK  2  MOD  0 
ignition  element  indicate  that  these  devices  have  a  50^  firing  temperature 
below  that  corresponding  to  a  visible  glow  of  the  bridgewire.  The 
ordinary  ohmmeter  proved  inadequate  for  detecting  radiation  from  the 
bridgewire  when  its  tenperature  is  at  the  actual  firing  level.  We 
therefore  designed  an  instrument  which  would  satisfactorily  detect  the 
output  of  the  cell  at  the  firing  level  of  the  previously  mentioned  squib 
and  ignition  element.  A  schematic  diagram  of  the  instrument  is  shown 
in  Figure  2.  Figure  3  is  a  photograph  of  the  instrument  with  a  firing 
mount  and  photo-cell  housing  attached.  Complete  details  will  be  found 
in  Reference  1. 
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The  instrumentation  described  above  is  unsuitable  for  detection 

of  RF  energy  in  bridgeware  operated  at  temperatures  very  far  below  the 

50%  fire  level.  However,  a  similar  but  more  sensitive  instriment  is 

currently  under  developinsnt  for  Picatinny  Arsenal  and  preliminary  details 

(2) 

have  already  been  reported  .  This  is  a  battery  operated  instrument 
intended  primarily  for  field  tests  with  EED's  such  as  the  M6  blasting  cap, 
which  are  instrumented  with  the  Clairex  CL-404  detector.  Wo  have  extended 
the  capabilities  of  the  Clairex  cell-ohmmeter  condsination  just  about 
to  the  limit  in  this  Instance.  We  expect  to  detect  a  bridgewire 
ten^Mrature  roughly  corresponding  to  the  1%  fire  level  of  the  M6  cap 
with  this  equipment. 

A  somewhat  more  intricate  system  of  instrumentation  is  required 
with  the  Kodak-Ektron  N-2  cells.  These  colls  are  photo-conductive  and 
have  a  dark  resistance  which  is  very  low  conq>ared  with  that  of  the  Clairex 
cell.  The  resistance  of  the  N-2  cells  varies  with  the  dimensions  of  the 
exposed  sensitive  area.  Those  we  use  have  an  exposed  area  0.25  x  2.5  mm 
and  have  a  nominal  dark  resiatance  of  60,000  ohms.  Optimum  results  are 
obtained  when  a  matched  pair  of  the  cells  are  used  in  a  bridge  circuit, 
where  the  effects  of  ambient  temperature  are  cancelled.  One  cell  only 
Is  then  exposed  to  a  source  of  chopped  radiation,  and  the  output  of  the 
bridge  Is  amplified  by  a  narrow  band  anpUfler  with  a  center  frequency 
equal  to  the  chopping  rate.  In  our  present  work,  hoifover,  a  modulated 
bias  Is  substituted  for  the  chopped  radiation. 

A  schematic  diagram  of  our  present  system  Is  given  In  Figure  4. 
Details  of  the  operation  of  the  system  will  be  found  In  several  of  our 

(3) 

reports  .  This  system  Is  more  sensitive  than  the  one  used  with  the 
Clairex  cell,  but  it  is  cuitdbersoTae  to  operate  during  firing  tests.  We 
therefore  use  the  other  system  for  most  of  our  work;  there  are  instances, 
however,  idien  this  system  can  serve  a  very  useful  purpose.  An  example 
of  this  is  when  a  bridgewire  glows  upon  application  of  power  but  then 
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extinguishes,  or  if  an  arc  occurs  instead  of  bridgevdre  heating.  The 
response  of  the  Clairex  detector  with  its  ohaimeter  indicator  will  not 
respond  to  these  two  conditions.  In  the  Ektron  cell  system  the  output 
is  displayed  on  an  oscilloscope  and  a  deflection  in  these  two  cases  can 
be  measured.  We  have  found  this  application  invaluable  in  determining 
why  the  sensitivity  of  some  devices  does  not  fit  a  predicted  firing  level. 
One  word  of  caution  should  be  spoken  at  this  time.  It  should  not  be 
construed  from  this  discussion  that  the  Ektron  ceil  can  be  used  for 
evaluation  of  repetitive  pulses  applied  to  the  bridgewire.  This  is  hot 
the  case.  The  response  of  the  cell  is  too  slow  and  will  integrate  the 
pulses. 


SUMMARY 

The  methods  described  in  this  paper  will  usually  be  found 
adequate  for  an  estimate  of  the  RF  power  dissipated  in  a  bridgewire. 

The  Olairex  cell,  with  its  electronic  indicator,  was  employed  for 
precision  sensitivity  studies  of  the  MARK  1  MOD  0  squib  and  the  MARK  2 
MOD  0,  ignition  element.  In  this  woric,  a  repeatability  of  one  or  two 
percent  was  consistently  observed.  The  error  of  measiu'ement  for 
frequencies  up  to  1000  Me  was  at  most  ten  per  cent  and  was  probably  closer 
to  5  per  cent.  To  obtain  this  type  of  accuracy,  dc  calibrations  wore 
made  immediately  following  each  individual  RF  measurement. 

The  more  sensitive  Ektron  cell  and  bridge  circuit  was  not 
found  suitable  for  the  above  precision  sensitivity  studios.  The  system 
was  not  stable  enough  to  produce  consistently  repeatable  results.  This 
was  probably  due  to  the  fact  that  we  substituted  a  1000  cps  modulating 
bias  in  place  of  the  radiation  chopper  >diich  the  supplier  of  the  cells 
recommends.  Greater  sensitivity,  and  stability,  could  no  doubt  be 
achieved  if  the  radiation  chopper  and  a  narrow  band  amplifier  were 
employed . 
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The  majority  of  photosensitive  devices  are  insensitive  to 
the  radiation  from  bridgewires  which  are  heated  below  their  visible 
emission  point.  Other  types  of  detectors  such  as  thermocouples  and 
thermistors  are  sensitive  to  tenqje natures  just  above  ambient.  Therefore, 
when  extreme  sensitivity  is  required  one  may  resort  to  detectors  of  this 
type.  The  sensitivity  will  probably  be  obtained  with  some  sacrifice 
in  repeatability  and  accuracy.  The  photosensitive  detectors,  however, 
have  been  adequate  for  most  of  the  woric  at  The  Franklin  Institute  and 
are  recommended  when  employed  within  their  prescribed  limitations. 
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52 .  NON-ELECTRIC  STIMULUS 
TRANSFER  SYSTEMS 
AMD  niROUGH-BULXHEAD  IGNITION 

By  Robert  C.  Allen 
Product  Manager 

High  Exploalve  Componenta  and  Syatema 
McCormick  Selph  Associates,  Incorporated 

Non-electric  stimulus  transfer  systems  (NESTS),  Incorporating 
completely  contained  mild  or  miniature  detonating  fuse  and 
through-bulkhead  detonation  or  ignition  transfer  units,  can 
be  designed  to  accoeqplish  any  nusdser  of  one-shot  functions 
from  ignition  and  destruct  to  the  actuation  of  valves  and 
switches.  Properly  designed  NESTS  are  completely  Insensitive 
to  RF,  stray  currents,  and  other  induced  or  even  deliberately 
applied  electric  currents  and  also  eliminate  the  need  for 
primary  explosive  compositions,  ground  check-out  equipment, 
and  critical  interface  tolerances. 

PKCTgPiai 

The  purpose  of  this  paper  is  to  merely  Introduce  the  reader, 
by  exam>le,  to  the  concept  of  a  relatively  unique  non-electric 
stimulus  transfer  system  (NESTS)  followed  by  a  more  detailed 
discussion  of  through  bulkhead  ignition,  a  single  application 
suited  to  the  specific  NESTS  system  described.  It  is  hoped 


52-1 


that  time  will  permit  the  compilation  and  publication  at  a 
later  date  of  additional  data  concerning  NESTS  auch  aa  alter¬ 
nate  ayatema.  hiatory  of  applieationa,  deaign  flexibility, 
reliability  data,  environmental  taata,  ai‘>d  componenta  among 
other  unclaaaified  information. 

Of  courae,  the  baaie  concept  of  NESTS  ia  not  new  aa  evi¬ 
denced  by  the  percuaalMi  fired  high  preasure  gaa  WMrgency 
eacape  ayatema  uaed  in  aoaw  aircraft  or  conaider  the  ale^le 
and,  by  far,  the  more  antiquated  top*  and  pully.  Ma  will 
reatrlct  tha  preaent  diacuaaion  to  a  NESTS  which  utillaea 
only  a  detonation  atimulua.  Again  the  baaie  concept  la  not 
new,  for  exaB^la,  coaiBArcial  detonating  fuaa,  auch  aa 
"Cordeau"  and  ‘‘Srlmaeord",  haa  been  uaed  for  yeara  to  initi¬ 
ate  aniltlple  ejq^loaive  ehargea  for  both  Military  demolitlm 
and  ooNMrelal  blaating  applieationa.  The  HBSTS  diaeuaaed 
herein,  however,  ia  unique  in  that  tha  detonating  fuae  used 
to  tranaad.t  the  atimulua  ia  completely  confined  ao  that  no 
ahrapnel  or  other  potentially  haxardoua,  particlaa  are  gene¬ 
rated  when  the  material  detmiatea. 

The  aubjeet  NESTS  ia  deaigned  to  utiliae  nnVy  mild  detonating 
fuae  (MV)  type  A3  or  B2  completely  confined.  The  confined 
MD9  incorporatea  2  grains  of  VtTJ  or  RDK  high  exploaive  per 
linear  foot  contained  in  a  0.040”  diameter  flexible  metallic 
tubing.  The  tuba,  in  turn,  ia  covered  by  plastic  and  fabric 
reinforcing  material  sufficient  in  strength  to  contain  all 
the  shrapnel  and  potentially  hasardous  products  of  combustion 
generated  by  the  detonating  high  eiqploslve  core.  The  matsrlal 
nay  be  passed  through  crewe  quarters  or  near  delicate 
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instruments  and  detonated  without  endangering  personnel  or 
damaging  equipment.  The  confined  MDF  has  an  outside  diameter 
of  approximately  0.3“  and  a  detonating  velocity  of  approxi¬ 
mately  23,000  feet  per  second  which  is  reproducible  to  ±  196 
within  a  lot.  The  tensile  strength  of  the  confined  MDF  is 
in  excess  of  250  pounds.  Also,  the  confined  MDF  will  reliably 
propagate  a  detonation  through  tight  knots  or  similar  kinxs, 
loops,  or  twists  that  may  be  inadvertantly  introduced  into 
the  assembly  during  Installation. 

Figure  1  shows  a  typical  MESTS  designed  to  acconplish  three 
specific  functions  in  a  single  completely  redundant  system, 
or  partially  redundant  dual  system.  Consider,  for  exanple, 
a  dual  system,  illustrated  on  Figure  1,  involving  two  large 
solid  propellant  booster  rocket  motors  attached  to  a  liquid 
propellant  sustalner  motor.  The  booster  motors  are  to  be 
separated  from  the  sustalner  motor  at  a  predetermined  time. 

In  such  a  system  functions  A,  B,  and  C,  referred  to  in  Figure 
1,  may  correspond  to  thrust  neutralisation,  booster  discon¬ 
nect,  and  booster  separation,  respectively.  The  confined  MDF 
is  incorporated  into  the  representative  NESTS  to  multiply 
and  transmit  the  detonation  stimulus  generated  by  a  single 
redundant  initiator,  such  as  a  conventional  safe/arm  to 
accomplish  functions  A,  B,  and  C,  for  both  booster  motors. 

The  confined  MDF  is  supplied  for  the  representative  NESTS  as 
an  assembly  of  the  type  shown  on  Figure  2,  detail  A.  Both 
ends  of  each  assembly  will  terminate  in  a  standard,  inter¬ 
changeable,  quick  disconnect  end  closure.  The  interchange¬ 
able  quick  disconnect  may  be  connected  to,  or  disconnected 
from,  any  mating  receptacle  by  a  simple  push-and-turn 


action  similar  to  that  used  to  operate  some  standard  elec¬ 
trical  connectors.  Once  properly  attached  to  a  mating  recep¬ 
tacle  the  confined  MDF  assembly  may  be  safetied  in  place  to 
preclude  inadvertantly  breaking  the  continuity  of  the  NESTS 
explosive  train.  In  the  event  it  is  desirable  to  code  the 
connector  to  the  function,  the  connector  size  and/or  pin 
location  can  be  varied  in  a  manner  similar  to  that  used  to 
code  electrical  connectors. 

The  confined  MDF  assembly  for  the  representative  NESTS  is 
designed  to  be  assembled  with  inert  hardware  to  manifold  or 
initiate  multiple  lengths  of  confined  MDF  from  one  input. 
Typical  examples  of  the  inert  manifold  receptacle  assembled 
with  confined  MDF  assemblies  are  shown  on  Figure  2.  The 
incoming  detonation  from  any  one  of  the  confined  MDF  assem¬ 
blies  will  initiate  the  remaining  assembled  MDF  assemblies 
connected  to  the  manifold  receptacle. 

A  pyrotechnic  delay  manifold,  shown  on  Figure  1  detail,  is 
provided  to  separate  functions  A,  B,  and  C  with  respect  to 
time.  Conventional  pyrotechnic  100  ms  to  200  ms  delays  are 
accurate  to  only  approximately  i  20%  through  a  temperature 
range  of  -60  to  -•■160*  F.  It  is  within  the  present  state-of- 
the-art,  however,  to  produce  100  to  200  ms  delays  reproducible 
to  approximately  ±  1%  through  this  temperature  range.  Repro¬ 
ducibility  of  ±  1/2%  already  is  being  realized  through  this 
temperature  range  using  previously  developed  50  ms  pyrotechnic 
delays.  Depending  on  the  accuracy  demanded  by  the  application 
either  type  pyrotechnic  delay  can  be  used. 

A  variety  of  previously  developed  or  designed  and  tested 
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components  and  assemblies  are  available  for  accomplishing 

each  of  the  functions  mentioned  for  the  representative  BESTS. 

Typical  examples  are  as  follows: 

Thrust  Neutralization 

1.  MDF  initiated  explosive  bolts  or  nuts  to  release 
thrust  neutralization  port  covers. 

2.  MOF  initiated  linear  shaped  charge  systems  for  sever¬ 
ing  burst  diaphragm  port  covers,  or  actually  cutting 
the  motor  case. 

3.  MDF  fragmented  sector  used  in  conjunction  wi  '.h  a 
spring  loaded  port  retainer  ring. 

Booster  Disconnect 

1.  MDF  initiated  explosive  bolts  or  nuts  to  release 
points  of  attachment. 

2.  MDF  initiated  linear  shaped  charge  systems  for  sever¬ 
ing  attachment  structures. 

3.  MDF  separation  systems  involving  the  impulsive  loading 
of  linear  piston  arrangements  retained  by  shear  pins. 

4.  MDF  initiated  pin  pullers,  pistons,  or  other  cartridge 
actuated  device,  by  application  of  through  bulkhead 
ignition  components  (See  Appendix  "A"). 

Booster  Separation 

y,  MDF  or  "Pyrocore"  through-nozzle  ignition  of  solid 
propellant  rocket  thrust  motors. 
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(Booster  Separation,  continued) 

2.  MDF  initiated  rocket  motor  or  cartridge  actuated  device 
by  application  of  through-bulkhead  ignition  components. 

All  of  the  described  MDF  initiated  components  and  systems, 
for  accomplishing  the  described  functions,  except  the  through- 
bulkhead  conponents,  have  previously  been  developed  or  designed 
and  tested  for  various  applications  in  several  rockets  and 
missili's  including,  lunong  others,  the  Minuteman,  Nike  Zeus, 
Eagle,  Davy  Crockett,  Polaris,  Skybolt,  Saturn,  Project 
Mercury,  Samos,  Pershing,  and  many  AEC  systems. 

The  feasibility  of  through -bulkhead  ignition  components  has 
been  proven  by  tests  performed  utilising  (1)  a  shock-transfer 
type  systMi  incorporating  a  solid  steel  bulkhead  integral 
with  the  igniter  and  (2)  a  self-sealing  type  system  incorpo¬ 
rating  a  compressed  or  compressible  resilient  material  to 
automatically  seal  the  path  of  the  detonating  MDF.  The 
details  of  the  through-bulkhead  component  tests  and  design 
approaches  are  discussed  in  Appendix  "A*  to  this  paper. 

Typical  NESTS  System  Performance  and  Advantages 

Referring  to  Figure  1,  the  application  of  a  proper  "Fire" 
signal  to  the  armed  safe/arm  initiator  will  initiate  the 
safe/arm-to-delay  manif >ld  confined  MDF  assembly.  The  deto¬ 
nation  thus  initiated  will  propagate  to  and,  for  function 
"A",  directly  through  the  delay  manifold  at  a  velocity  of 
approximately  23,000  feet  per  second.  If  the  assembled  MDF 
system  is  properly  designed  so  that  all  "A"  function  events 
are  equal  in  over-all  detonation  path  length  from  the  safe/ 
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arm  initiator  and  this  length  does  not  exceed  200  feet, 
then  all  twelve  (12)  "A"  events  will  be  initiated  with  a 
simultaneity  of  approximately  ±  0.1  millisecond. 

Functions  "B"  and  "C"  will  be  delayed  approximately  0.1  second 
0.2  second  respectively  before  the  shorter  tolerance  delay 
in  each  of  the  two  parallel  delay  cartridges  will  Initiate 
the  remaining  confined  KDF  assemblies.  No  shrapnel  or 
hazardous  blast  effects  will  be  generated  by  the  detonating 
NESTS. 

Sane  of  the  advantages  to  be  realized  by  adopting  NESTS  of 
the  type  represented  by  Figure  1  and  2  and  through-bullchead 
igniters  of  the  type  described  in  Appendix  "A",  in  place  of 
conventional  electroexplosive  devices  or  other  "one-shot" 
electrical  systems,  include  the  followingt 

1.  Considering  only  the  integral  bullchead  type  detonation 
transfer  assembly,  Appendix  "A",  the  system,  properly 
applied,  can  eliminate  the  need  for  drilling,  tapping, 
or  otherwise  disturbing  the  hermetic  seal  or  unit  cons¬ 
truction  of  rocket  engine  cases,  or  other  pressure 

^^-•tiiisels  to  accon^lish  ignition  or  stimulus  transfer. 

2.  The  coi^lete  elimination  of  ground  check-out  equip¬ 
ment  and  procedures,  except  for  simple  visual  ins¬ 
pection. 

3.  The  complete  elimination  of  primary  high  explosive  and, 
in  turn,  associated  problems  of  safety  and  transport- 
tion.  In  fact,  the  most  temperature  and  shock  insen¬ 
sitive  explosive  and  pyrotechnic  coe^sitions  known 
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3.  (cont'd) 


may  be  utilized  effectively  in  NESTS. 

4.  System  and  component  design  simplicity  unmatched 

by  any  previous  electroexplosive  or  electric  system 
or  component  resulting  in  a  proportionate  increase 
in  reliability. 

5.  This  design  simplicity  also  renders  the  system  and 
components  amenable  to  economic  mass  production  tech¬ 
niques  . 

6.  The  developed  component  designs  may  be  easily  stand¬ 
ardized  and  can  be  utilized  for  all  ignition  and 
detonation  applications . 

7.  The  utilization  of  the  rapid  and  reproducible  deto¬ 
nation  phenomenon  will  give  extreme  ignition  reproduci¬ 
bility  and,  when  properly  interconnected,  simultaneity 
that  cannot  be  approached  by  conventional  electro¬ 
explosive  igniters.  Only  properly  designed  exploding 
brldgewire  or  arc  fired  igniters  can  approach  the 
performance  of  the  through-bulkhead  igniters  at  the 
expense  of  system  weight,  volume,  and  simplicity. 

8.  The  inherent  insensitivity  of  the  through-bulkhead 
transfer  components  will  allow  them  to  be  installed 
and  sealed  into  the  missile  or  booster  system  during 
production  assembly  eliminating  the  need  to  disturb 
hermetic  seals  in  the  field. 

9.  Because  the  igniters  are  non-electric,  they  are 
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(9.  cont'd) 

c«i^letely  inaensitive  to  RF,  stray  currents,  or  other 
induced  or  even  deliberately  applied  electrical  currents. 

10.  Because  the  proposed  igniters  incorporate  all  activ¬ 
ation  energy  in  the  form  of  a  potential  chemical 
reaction,  no  supplementary  power  or  iii^>ulse  sources 
and  accessories  in  the  form  of  batteries,  generators, 
capacitors,  switches,  piezo  cells,  etc.,  are  required. 

11.  The  system  is  unaffected  by  environment  il  extremes 
of  altitude,  humidity,  vibration,  shock,  and  low 
temperature. 

12.  Electric  circuitry  and  accessories  with  the  attendant 
problems  of  improper  corroded,  and  loose  connections, 
and  contacts  are  completely  eliminated. 

13.  Unlike  electroexploslve  systems,  firing  the  proposed 
non-electric  system  will,  in  turn,  generate  no  RF  or 
other  spurious  electrical  signals. 

14.  The  performance  of  the  system  is  dependent  on  the 
proper  initiation  and  reaction  of  a  very  minimum 
variety  of  detonating  and  deflagrating  compositions 
instead  of  a  complex  chain  of  reactions  for  each 
event,  l.e.,  bridgewlre,  to  primer,  to  booster,  to 
bass  charge,  etc. 
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i  THROUGH-BULKHEAD  INITIATORS 


McCormick  Selph  Associates,  Inc.,  recently  completed  a 
study  program  for  North  American  Aviation  to  determine  the 
feasibility  of  transmitting  a  non-electric  stimulus  gene¬ 
rated  by  contained  explosive  energy,  through  a  bulkhead 
and  initiate  a  pyrogen  rocket  igniter,  without  jeopardizing 
the  Integrity  of  the  bulkhead  seal. 

Two  TBI  design  approaches  were  investigated,  (1)  a  deto¬ 
nation  shock-^ave  transfer  system  incorporating  a  solid 
steel  bulkhead  as  an  Integral  part  of  the  igniter  assembly 
as  illustrated  by  Figure  3  and  (2)  a  self-sealing  type  sys¬ 
tem  incorporating  a  compressed  or  compressible  resilient 
material  to  automatically  seal  the  path  of  a  detonating 
length  of  mild  detonating  fuse  (NDF)  as  Illustrated  by 
Figure  4. 

Each  concept  is  discussed  separately  along  with  the  signifi¬ 
cant  test  results  generated  during  the  referenced  feasibility 
study. 

Shock  wave  Transfer  System 

The  through -bulkhead  transfer  assembly  shown  on  Figure  3  is 
designed  to  transmit  a  detonation  shock  wave  through  a  solid 
steel  bulkhead  and  initiate  a  deflagration  on  the  opposite 
side  without  perforating  the  bulkhead  or  otherwise  destroying 
the  integrity  of  the  seal. 
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Detonation  of  the  KDP  and  retainer  booater  charge  will 
initiate,  in  turn,  a  small  PETN  or  RDX  charge  on  one  aide 
of  a  metal  diaphragm  machined  into,  as  an  integral  part  of, 
the  igniter  main  body. 

Sufficient  energy  will  remain  in  the  detonation  ahock  wa\/e, 
which  is  tranamitted  through  the  metal  diaphragm  and  emergea 
from  the  aide  opposite  the  booster  charge,  to  initiate  the 
detonation  of  a  PETN  pickup  charge.  For  the  evaluated 
design  the  shock  from  the  pickup  charge  was  attenuated  and 
ignited,  in  turn,  a  boron/potassium  nitrate  ignition  pellet. 

The  feasibility  study  of  the  shock  wave  transfer  system 
involved  a  total  of  23  tests  which  investigated  various 
parameters  affecting  the  transfer  mechanism  as  well  as 
confined  NDF  quick  disconnect  assemblies.  The  results  of 
all  tests  are  included  in  Table  I. 

Although  the  assembly  shown  on  Figure  5  was  the  most  optimum 
design  evaluated,  interface  problems  Introduced  in  the 
internal  construction  of  the  unit  resulted  in  Inconslstant 
results. 

The  final  evaluated  design  eliminated  all  but  an  absolute 
minimum  exploslve-to-metal  and  metal-to-metal  Interfaces 
and  the  test  results  indicated  that  the  assembly  was  func¬ 
tionally  reliable.  Due  to  the  limited  scope  of  the  program 
only  three  assemblies  having  the  final  functional  configu¬ 
ration  were  tested. 

The  final  test  assembly  was  further  designed  to  attenuate 
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the  detonation  of  the  PETN  receptor  charge  and  ignite  a 
pressed  pellet  of  boron/potass ium  nitrate  ignition  composi¬ 
tion.  For  these  specific  tests  the  quick  disconnect  assem¬ 
bly  was  not  evaluated,  instead  an  X-349  crimped  to  plain  2 
grain  per  foot  PETK  core  MDF  was  used  to  initiate  ths  PEFN 
donor  charge.  Each  unit  was  fired  into  a  25  cc  closed 
chamber.  The  results  of  this  series  of  tests  are  as  fo?lowsi 
(Also  see  Table  I) . 

*Start  of  Rise  **Rise  to  Peak  Peak  Pressure 


Test  No. 

(milliseconds) 

(milliseconds) 

PSI 

21 

10.0 

40.0 

1200 

22 

11.5 

30.5 

1275 

23 

11.5 

38.5 

1375 

*  Time  from  application  of  current  to  a  standard  blast¬ 
ing  cap,  attached  to  the  MDF,  and  start  of  pressure 
rise  within  the  closed  chamber. 

**  Total  time  from  start  of  pressure  rise  to  peak 
pressure. 

In  all  units  ths  shock  wave  from  the  detonating  donor  charge 
propagated  through  the  bulkhead  and  initiated  the  receptor 
charge  the  detonation  of  which,  in  turn,  initiated  the  defla¬ 
gration  of  the  boron/potassium  nitrate  pellet.  Attenuation 
of  the  detonation  is  evidsnced  by  the  slow  pressure  rise 
characteristic  of  a  deflagrating  pellet  of  propellant.  With¬ 
out  proper  attenuation  the  shock  wave  would  have  pulverised 
the  ignition  pellet  resulting  in  a  very  sharp  pressure  rise, 
nte  fired  units  later  were  tested  for  bulkhead  integrity  by 
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applying  3«000  PSI  to  the  output  side  of  each  unit.  No 
evidence  of  leakage  was  detected. 


One  of  the  cross-sectioned  fired  assendslles  is  shown  on 
Figure  6.  The  transfer  resulted  in  no  detectable  damage  to 
the  integral  bulkhead.  The  bulkhead  was  0.123"  thick. 

Self-Sealing  Through-Bulkhead  System 

The  concept  of  the  self-sealing  through-bulkhead  initiator 
is  represented  on  Figure  4.  Detonation  of  the  quick  discon¬ 
nect  booster  by  the  confined  MDF  will,  in  turn,  initiate  a 
short  length  of  .040"  dleuaeter  plain  2  grain  per  foot  MDF 
permanently  assembled  into  the  main  body  of  the  transfer 
assembly.  Previous  tests  have  proven  that  the  output  of 
properly  initiated  2  grain  MDF  will  reliably  and  reproduclbly 
initiate  certain  deflagrating  charges  or  detonate  some  other 
charge  such  as  a  second  Isngth  of  MDF.  For  instance,  2  grain 
per  foot  MDF  is  easily  capabls  of  initiating  the  deflagration 
of  aluminum/potassium  perchlorate  or  boron/potassium  nitrate 
ignition  compositions. 

A  highly  compressed  resilient  packing  gland  is  Incorfiorated 
into  the  self-sealing  unit  so  that  the  perforation  left  by 
the  detonating  MDF  will  automatically  doss  or  collapse  iimne- 
dlately  following  the  detonation  crsatlng  a  positive  leak- 
proof  barrier. 

The  feasibility  of  the  self-sealing  transfer  system  was 
proven  by  application  of  the  relatively  cruds  test  fixture 
shown  oa  Figure  7.  After  proving  that  the  assembly  %rauld 
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the  detonation  of  the  PETN  receptor  charge  and  Ignite  a 
pressed  pellet  of  boron/potassium  nitrate  ignition  cosposi- 
tion.  For  these  specific  tests  the  quick  uiscoiiiMCt  assem¬ 
bly  was  not  evaluated,  instead  an  X-349  crimped  to  plain  2 
grain  per  foot  PETN  core  MDF  was  used  to  initiate  the  PETN 
donor  charge.  Each  unit  was  fired  into  a  25  ec  closed 
chamber.  The  results  of  this  series  of  tests  are  as  folluwst 
(Also  see  Table  I) . 


Test  No. 

*Start  of  Rise 
(milliseconds) 

**Rise  to  Peak 
(milliseconds) 

Peak  Pressure 

PSX 

21 

10.0 

40.0 

1200 

22 

11.5 

30.5 

1275 

23 

11.5 

38.5 

1375 

*  Time  from  application  of  current  to  a  etandard  blaet- 
ing  cap,  attached  to  the  MDF,  and  etart  of  pressure 
rise  within  the  closed  chamber, 

**  Total  time  from  start  of  pressure  rise  to  peak 
pressure. 

In  all  units  the  shock  wave  from  the  detonating  donor  charge 
propagated  through  the  bulkhead  and  initiated  the  receptor 
charge  the  detmiation  of  %ihieh,  in  turn,  initiated  the  defla¬ 
gration  of  the  boron/potaseium  nitrate  pellet.  Attenuation 
of  the  detonation  is  evidenced  by  the  slow  pressure  rise 
characteristic  of  a  deflagrating  pellet  of  propellant.  With¬ 
out  proper  attenuatim  the  shock  wave  would  have  pulverised 
the  ignition  pellet  resulting  in  a  very  sharp  pressure  rise. 
The  fired  unite  later  were  tested  for  bulkhead  integrity  by 
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applying  3,000  PSI  to  the  output  aide  of  each  unit.  No 
evidence  of  leakage  was  detected. 

One  of  the  c rose-sectioned  fired  asseinblies  is  shown  on 
Figure  6.  The  transfer  resulted  in  no  detectable  damage  to 
the  integral  bulkhead.  The  bulkhead  was  0.123"  thick. 

Self-Sealing  Through-Bulkhead  System 

The  concept  of  the  self-sealing  through-bulkhead  initiator 
is  represented  on  Figure  4.  Detonation  of  the  quick  disTon- 
nect  booster  by  the  confined  NDF  will,  in  turn,  initiate  a 
short  length  of  .040"  diameter  plain  2  grain  per  foot  HDF 
permanently  assembled  into  the  main  body  of  the  transfer 
assembly.  Previous  tests  have  proven  that  the  output  of 
properly  initiated  2  grain  MDF  will  reliably  and  reproducibly 
initiate  certain  deflagrating  charges  or  detonate  some  other 
charge  such  as  a  seemd  length  of  MDF.  For  Instance,  2  grain 
per  foot  MDF  is  easily  capable  of  initiating  the  deflagration 
of  aluminum/potassium  perchlorate  or  boron/potassium  nitrate 
ignition  cosqpositions. 

A  highly  cciapressed  resilient  packing  gland  is  incorporated 
into  the  self-sealing  unit  so  Utat  the  perforation  loft  by 
the  detonating  fW  will  automatically  close  or  collapse  iasM- 
diately  following  the  detonation  creating  a  positive  leak- 
proof  barrier. 

Ihe  feasibility  of  the  self-sealing  transfer  system  was 
proven  by  aiq>lication  of  the  relatively  crude  test  fixture 
shorn  on  Figure  7.  After  proving  that  the  assembly  would 
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seal  against  1,700  psi  following  detonation  at  ambient 
conditions  similar  units  were  tested  using  a  high  temper¬ 
ature,  high  pressure  test  fixture  of  the  type  shown  in 
Figure  8. 

The  specific  test  procedure  was  as  follows,  presented  in 
the  sequence  each  function  was  performed: 

1.  Calibrate  the  transducer  for  the  pressure  monitoring 
apparatus. 

2.  Pressurize  chamber  and  check  for  any  leaks  in  the 
system. 

3.  Record  the  pressure  at  5  minute  intervals  for  10 
minutes . 

4.  Take  a  continuous  reading  of  pressure  while  the  part 
was  actually  being  fired. 

5.  Turn  on  induction  furnace  for  20  minutes. 

6.  Record  the  pressure  at  5  minute  intervals  for  20 
minutes . 

During  test  No.  7  the  KDF  failed  to  initiate  due  to  improper 
application  of  the  test  initiator.  The  tost  was  re-run  as 
test  No.  8.  Immediately  after  firing  the  KDF  pressure  losses 
were  noted  and  the  test  was  discontinued.  It  is  not  known 
if  the  abortive  attempt  to  initiate  the  MDF  during  tost  No.  7 
influenced  the  results  of  the  re-test  No.  8. 
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Because  of  the  thermal  expansion  of  the  confined  nitrogen 
the  pressure  increased  within  the  chamber  during  teats  No, 

4,  5,  6,  and  9  when  the  induction  heater  was  energized.  As 
expected  the  pressure  dropped  after  the  heater  was  turned  off 
and  the  test  fixture  and  nitrogen  cooled,  test  No.  6.  The 
results  of  these  tests  are  shown  on  Figure  9. 

In  each  test,  discounting  No,  7  and  8,  although  the  resilient 
packing  was  damaged  by  the  long  application  of  intense  heat, 
the  test  assembly  did  not  leak.  It  is  estimated  from  the 
color  changes  and  oxidized  condition  of  the  metal  surface 
that  the  test  fixture  containing  the  resilient  packing 
attained  temperatures  approximating  1,000°F  during  this 
extreme  20  minute  test.  The  tungsten  rod  attained  a  temper¬ 
ature  of  approximately  2,000°F. 

Considering  that  the  assembly  shown  on  Figure  4,  in  an  actual 
application,  will  be  exposed  to  extreme  pressures  and  temper¬ 
atures  for  only  20  seconds  to  2  minutes  maximum  duration, 
uhese  tests  prove  without  a  doubt  the  feasibility  of  trans¬ 
mitting  a  detonation  through  a  bulkhead  by  the  proposed  self¬ 
sealing  method.  The  main  advantages  of  this  system  include 
(1)  it  is  not  limited  to  a  maximum  bulkhead  thickness;  (2) 
multiple  systems,  for  redundancy  can  be  incorporated  without 
seriously  sacrificing  component  size;  and  (3)  it  requires  an 
absolute  minimum  total  explosive  charge  to  achieve  reliable 
transfer. 

It  is  expected  that  a  number  of  materials  and  construction 
methods  can  be  adapted  to  successfully  accomplish  this 
particular  means  of  detonation  transfer. 
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It  is  aignl£icant  to  note  that  both  of  the  final  evaluated 
through-bulkhead  NESTS  igniter*  evaluated  during  this  feasi¬ 
bility  study  are  readily  adaptable  to  generating  either  an 
ignition  or  detonation  on  the  sealed  side  of  the  bulkhead 
without  destroying  the  integrity  of  the  bulkhead  seal. 
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MDF  fojlsd  to  liUtioto  duo  to  Improper  eppilcatlon  of  ond  primer, 
pressure  tarecc  lest,  loak  developed  Isueedlately  after  ftrino. 


SMR  HAZARDS  TO  ££OS 
by 

Lt.  Colonel  Reuben  B.  Moody 
Directorate  of  Missile  Safety 


Concern  over  electromagnetic  radiation  hazards  to 
electro-explosive  devices  (or  EEDs)  arises  from  the  fact 
that  electrical  leads  to  an  EEO  can,  under  certain  condi¬ 
tions,  act  as  an  antenna.  There  have  been  Incidents,  al¬ 
beit  very  few,  when  leads  to  an  BED  have  abstracted  suf¬ 
ficient  energy  from  an  electromagnetic  field  environment 
to  cause  Inadvertent  detonation.!* 

The  equivalent  circuit  of  a  receiving  antenna  Is 
represented  by  Figure  1. 


Z^  ■■  Antenna  Impedance 
Z^,  >  Load  Impedance 
e  «•  Induced  emf 


Figure  1  -  Equivalent  Circuit  of  a  Receiving 
Antenna.  (2)  (3) 

When  an  antenna  length  precisely  accommodates  a  parti¬ 
cular  wave  length  It  becomes  a  resonant  circuit,  and  Its 
Impedances  bocome  pure  resistances.  Therefore,  the 
equivalent  circuit  for  a  resonant  antenna  reduces  to  ,that 
Indicated  by  Figure  2. 


■•■Parenthetical  numbers  refer  to  the  bibliography  listed 
at  the  end  of  this  paper.  Footnote  numbers  also  refer  to 
bibliography. 


Figure  2.  Equivalent  Circuit  of  a  Resonant 
Receiving  Antenna 

The  radiation  resistance  shown  in  Figure  2  is  a 
fictitious  quantity  resistance  which  indicates  the  radia¬ 
tion  properties  of  the  antenna.  It  is  defined  as  a  resis¬ 
tance  which,  if  inserted  in  the  antenna  circuit  with  cur¬ 
rent  flowing,  would  dissipate  the  same  energy  as  is  actually 
radiated  by  the  antenna, (3)  The  antenna  loss  resistance 
is  a  lumped  quantity  to  account  for  losses  which  arise  from 
the  presence  of  earth,  the  RF  ohmic  resistance  of  the 
antenna  wires,  dielectrics  in  the  neighborhood,  etc.  (3) (4) 


The  total  power  (P^)  that  a  receiving  antenna  abstracts 
from  an  electromagnetic  field  can  be  determined  by  the 
equation;  „ 

Pt  -  (Eh)  2  . 1 

R^  +  Rr  +  Rj 


where  E  -  field  strength  (r.m.s.  value)  of 
the  electromagnetic  field  in  volts  per  meter; 

h  is  the  effective  height  of  the  antenna; 

^a  defined  by  Figure  2,  (3). 


Of  the  total  power  abstracted  from  the  environment  a 
fraction  is  re-radiated  by  the  antenna.  Another  fraction 
is  dissipated  through  the  antenna  loss  resistance,  and  a 
third  fraction  is  delivered  to  the  load.  This  latter  or 
third  fraction  is  represented  by  the  ratio  Rj/(Rj^  +  +  Ry) . 


The  power  delivered  to  the  load  (P^)  can  therefore  be 
determined  by  multiplying  equation  X  by  this  ratio. 


Pl 


(Kb)*Rl. 


IX 
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It  can  be  shown  mathematically  that  maximum  power  is 
transferred  to  the  load  resistance  when  Rj,  ••  Rj^.  In 

this  case  the  resistances  are  “matched"  and  the  antenna 
is  operating  at  maximum  efficiency. 


Antenna  configurations  most  likely  to  be  assumed  by 
an  EEO  and  its  leads  are  a  half-wave  dipole,  a  quarter-wave 
grounded  stub,  or  a  short -stub  antenna  (e.g. ,  where  the 
antenna  length  is  l/20th  the  wave  length) ,  T’^ese  possible 
configurations  are  shown  in  Figure  3, 


(a)  Half-wave 


(b)  Quarter-wave  (c)  Short -stub 


h  "  Antenna  load 
>  <•  Wave  length 
—  ■  Current  distribution 


Figure  3.  Antenna  Configurations 


a  half  wave  dipole  or  doublet  antenna,  the  radia- 
is  73.2  ohms  and  the  effective  height  (b)  .  (2)  (6) 

The  volts  per  meter  field  strength  can  be  expressed  as  a 
power  density  -  wa^s  per  square  meter)  by  the  rela¬ 
tionship  E*  ••  128'n'P^.  V  )  Also,  the  antenna  loss  resistance 
can  be  considered  negligible.'  Substituting  these  values 
in  equation  IZ  yields  the  power  delivered  to  the  load  of  a 
resonant  dipole  antenna. 


Pt.  (dipole)  -  120  P,,  ^3  Bt . Ill 

"Tf(RL  +  T^^)» 

The  bridgewlrs  resistance  of  an  BSD  may  be  considered 
as  the  load  resistance  of  an  antenna  when  the  leads  are 
configured  as  a  half-wave  dipole  as  indicated  in  Figure  3, 
Ordinarily  the  bridgewire  resistance  is  something  less  than 
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one  ohi3  and,  consequently,  Is  very  much  less  than  the 
radiation  resistance  of  73.2  ohms.  Equation  II  can  there¬ 
fore  be  approximated  by  the  simpler  expression: 


(dipole)  -  (7.2  X  10-3)  p^  >  2  . IV 

2 

Also,  Pl  -  R£^,  so  that 

I  (dipole)  -  (7.2  x  10"^)  P^^  . V 


Similarly,  for  a  quarter-wave  grounded  antenna  with 
the  load  located  at  the  grounded  end  (Figure  3b) ,  the 
radiation  resistance  is  about  38  Obips  and  the  effective 
height  of  the  antenna  is  7''^2~>f  >3^  If,  again,  the  antenna 
loss  resistance  is  considered  negligible  and  the  bridge- 
wire  resistance  is  very  much  less  than  the  load  resistance, 


then  equation  II  simplifies  to: 

P^  (  r/4)  -  (6.6  X  10-3)p^;^2J^^  . VI 

and,  I  (  7^/4)  ^|(6.6  x  10-3)p^  ^ . VII 


Equations  IV,  V,  VI  and  VII  are  valid  only  when  R. 
is  negligible  and  is  very  much  less  than  Rj..  Vith  these 
conditions  in  mind  the  equations  permit  the  conclusions 
that  (a)  the  power  delivered  to  the  load  is  directly  pro¬ 
portional  to  the  intensity  of  the  electromagnetic  field 
environment,  the  square  of  the  wave  length,  and  also  to 
the  ohmic  value  of  the  load  resistance;  and  (b)  the  current 
through  the  load  resistance  is  independent  of  the  value  of 
the  load  resistance. 

For  the  short-stub  grounded  antenna  (see  Figure  3c) 
the  load  resistance  can  no  longer  be  considered  as  very 
much  less  than  the  radiation  resistance.  In  this  case  the 
radiation  resistance  is  only  one  oto.and  the  effective 
height  of  the  antenna  is  0.5  7^/20 If  the  antenna  loss 
resistance  is  negligible  equation  II  becomes: 


Pj^  (  >/20)  -  0.24  Pd  . 

TTl+itctj* - 

..  .  .  VIII 

and,  I  (  >/20)  -  ^  0.24  P^> 

•Wi,  +  1.U7 

JL  virr 

Equations  IV,  SEIAND~]^are  plotted  In  Figure  4  for 
the  case  where  the  brldgewire  resistance  is  one  ohm  and 
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Figure  4.  Power  delivered  by 
a  resonant  antenna  to  a  one  ohm 
load;  when  P.  •  100  watts  per 
square  meter;  L  ■>  antenna 
length,  >  wave  length  and 
t  •  megacycles. 


>-•0.5  1.0  1.5  2.0  2.5  3.0  3.5  4.0 
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for  the  100  watts  per  square  meter  considered  to  be  the 
biological  hazard  level  of  an  electromagnetic  field. ° 

Since  most  ESDs  have  a  power  dissipation  capability  of 
less  th£.n  one  watt,  the  power  levels  indicated  by  the 
equations  and  the  graph  are  quite  formidable.  However, 
these  power  levels  represent  the  worst  case  predicated 
upon  an  ideal  antenna  and  optimum  conditions.  The 
validity  of  these  values  depend  on  a  most  improbable  chain 
of  circumstances. 


a.  The  EED  must  be  Immersed  in  a  very  strong  electro¬ 
magnetic  field. 

b.  The  leads  to  the  EED  must  be  exposed  and  config¬ 
ured  as  an  antenna. 

c.  The  EED  Itself  must  be  configured  as  an  antenna 

load. 

d.  Leads  must  be  of  a  precise  length  to  provide  a 
resonant  circuit  for  the  wave  length  of  the  electromag¬ 
netic  field. 

e.  Leads  must  be  oriented  in  a  three-dimensional 
space  in  order  to  accommodate  the  polarization  and  direc¬ 
tivity  of  the  electromagnetic  field. 

Deviation  from  any  of  the  above  conditions  will 
diminish  the  magnitude  of  power  transferred  to  the  SED 
brldgewlre.  It  Is  extremely  improbable  the  several  condi¬ 
tions  can  be  accidentally  met  to  the  extent  an  inadvertent 
detonation  occurs.  An  extensive  research  covering  more 
than  a  decade^  has  revealed  only  a  handful  of  confirmed 
incidents  wherein  EEOs  have  been  accidentally  detonated 
by  electromagnetic  radiation.  More  to  the  point,  in  1956 
the  Institute  of  Makers  of  Explosives  published  a  pamphlet^ 
which  states,  in  part; 

"From  a  practical  viewpoint,  the  possibility  of 
premature  explosion  due  to  RF  energy  is  extremely 
remote.  This  has  been  demonstrated  by  numerous 
tests  on  representative  transmitting  equipment, 
and  it  is  confirmed  by  many  years  of  experience. 

The  annual  consumption  of  electric  blasting  caps 
is  well  over  100  million,  and  they  are  used  in 
every  section  of  the  country.  Yet  there  have 
been  only  two  authenticated  cases  of  a  cap  being 
accidentally  fired  by  radio." 
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Notwithstanding  the  improbabilities,  Incidents  have 
occurred  and,  because  of  the  possibility  of  catastrophe, 
protective  or  safety  measures  should  be  taken. 

a.  The  power  density  of  an  electromagnetic 
field  decreases  as  the  square  of  the  distance  from  the 
radiating  source.  Therefore,  published  distance  tables'^HS) 
should  be  observed  Insofar  as  is  operationally  possible. 

This  is  particularly  true  for  long  wave  lengths  or  low 
frequencies. 

b.  To  decrease  the  susceptability  of  EEDs,  design 
criteria  should  require  the  largest  possible  no-flre  current 
that  Is  compatible  with  the  ESO  application.  However,  the 
susceptability  is  not  necessarily  decreased  by  Increasing 
the  bridgewlre  resistance.  The  equations  show  that  an 
Ideal  bridgewlre  resistance  (Insofar  as  protection  against 
electromagnetic  radiation  la  concerned)  would  have  either 

an  Infinite  or  zero  value. 

c.  The  electromagnetic  radiation  hazard  to 
ordnance  depends  on  the  probability  of  ESO  leads  acting 
as  an  antenna.  This  particular  hazard  can  therefore  be 
removed  by  any  technique  which  destroys  the  BSD  antenna 
characteristics  (e.g.  shielding,  twisting  leads). 
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56.  DISCUSSION  HIOHLIGHTS 


Charles  T.  Davey 
The  Franklin  Institute 

Terminology  A  Conflict 

One  problem  emerging  from  the  Congress  appeared  to  be  in  supplying 
an  adequately  eonqsrehensive  definition  of  terms.  Such  terms  as  "RF  Proof" 
"RF  Safe"  "insertion  loss,"  "attenuation"  and  "RF  Protected"  were  repeatedly 
questioned.  Some  of  these  terms  have  no  standard  dsfir.j^'fon  as  yst  but  dc 
deserve  a  place  in  the  discussion  of  HERO  problems;  others  are  clearly 
defined.  A  glossary  of  HERO  terms  and  definitions  may  be  helpful, 

A  New  Source  of-Hasards 

A  primary  problem  area  that  was  rediscovered  in  this  Congress  le 
that  of  the  sensitivity  of  elsctroexploslves  in  modes  other  than  through  the 
brldgewlrs.  While  not  all  of  the  problsns  involved  in  the  brldgewire  node 
of  excitation  have  been  solved,  thsre  appears  to  be  an  even  more  dlffic\ilt 
problem,  that  of  excitation  in  the  pln»*to-ease  mode.  In  this  siode,  reeulte 
in  many  eases  have  indicated  that  far  less  power  is  required  for  initiation. 
Apparently  many  think  of  this  problem  ae  Infrequent  or  insignificant. 

Old  And  New  Fixes 

Many  fixes  were  discussed  that  offer  excellent  chances  of 
resolving  the  HERO  problem  over  a  wide  range  of  frequencies.  The  carbonyl 
iron  plugs  appear  to  provide  an  excellent  fix  for  frequencies  that  are  In 
the  tens  of  osgacyeles  through  the  radar  bands  and  upward.  These  devices 
have  been  applied  to  military  eleetroexplosivss  of  both  the  Anqy  and  the 
Navy.  They  have  been  put  through  MIL  Standard  tests  and  have  perferosd 
satlefaetorily.  This  material  Is  currently  being  used  on  newly  developed 
military  blasting  caps.  Production  teste  are  being  made.  One  of  the 
greateet  advantages  of  this  material  Is  that  It  may  be  made  to  occupy 
little  or  no  additional  space  compared  tu  that  of  the  eonventi'Wial  Insulated 
plug. 

Still  classified  ae  a  problem  area  is  the  region  that  encompasses 
the  lower  frequencies  of  the  epectrun.  Ferrites  appear  to  offer  one  of  the 
best  chances  for  a  solution  in  the  Intermediate  regions  of  frequency. 

This  range  extends  from  1  Me  to  30  Me.  These  materials,  like  the  caibonyl 
iron,  will  probably  be  a  replacement  for  the  Insulator  normally  used  ir. 
the  plug  of  the  initiator.  It  appears  to  offer  the  same  spaes'tavlng 
advantage. 
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Ferrites  still  remain  difficult  to  manufacture  and  even  more 
difficult  to  machine  and  assemble.  Solutions  to  some  of  these  fabrication 
problems  is  one  of  the  points  that  deserves  further  attention  and  a  povferful 
approach.  Tlie  testing  and  proof  of  these  devices  both  with  respect  to 
conventional  firing  pulses  and  to  RF  are  another  requirement  although  this 
is  not  considered  a  technical  problem  area,  but  may  introduce  some  problems 
that  are  not  evident  at  this  point. 

For  frequencies  below  that  at  which  the  ferrites  are  effective 
there  are  a  number  of  devices  that  create  very  high  decoupling  for  RF  and 
yet  allow  the  device  to  be  fired  readily  by  a  predetermlnsd  signal.  Some 
of  thsss  involve  magnetic  coupling  that  entirely  prevents  the  elactric 
field  fr<sn  being  coupled  from  ths  firing  11ns  sids  of  ths  EED  system  to 
the  EED  side  of  this  system.  There  are  unique  relays  for  providing  thie 
same  function.  A  single  device  that  opsratss  on  atomic  radiation  was 
introduced  at  this  Congress  that  appears  to  bs  one  of  the  first  "coded 
pulss"  or  keyed  arming  and  firing  devlcss.  All  of  thess  fixes  appear 
to  offer  solutions  to  ths  lower  frsqusnclse  of  ths  HERO  problems.  Most 
of  thsss,  in  opposition  to  ths  li'on  and  fsrrlte  fixes  ars  mounted  extsmal 
to  ths  EED.  In  some  cases  this  is  an  advantage,  in  that  it  requires  no 
modification  to  ths  electroeeploslve.  In  other  eases,  iriiere  handling  of 
the  EED  and  other  circuitry  is  carried  out  separately,  there  is  a  distinct 
advantage  to  the  internal  fix. 

An  BlrlM 

It  was  brought  out  that  the  United  Kingdom  insists  that  electro* 
exploelve  initiators  use  female  eonnectore  to  avoid  extending  pins'  and 
lead  wires  which  may  act  ae  RF  antennas  or  make  aecidsntai  contact  with 
charged  bodies  or  power  lines. 

While  the  practics  hae  not  been  introduced  ue  etandard  procedure 
in  thie  country,  perhaps  it  should  be  given  eons  serious  thought. 

Safety  Standards  at  Satienal  Hjasile  Ranse. 

Ihe  most  widely  dlscueeed  and  controverelal  topic  wae  the 
"Interim  Standarde  to  Kinimiae  the  Haeards  of  Electromagnetic  Radiation 
to  El8ctroex;d.08lve  Devices,"  imposed  upon  users  of  the  National  Missile 
Ranges  by  the  Air  Force  Systems  CooMUUl  who  operates  the  Atlantic  Mlesile 
Range.  There  wee  such  a  lively  interest  and  the  problems  seem  so  vital 
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that  General  Chairman  Payne  deleted  presentation  of  two  papers  and 

scheduled  an  impromptu  discussion  period  which  held  the  majority  of  the 

« 

attendees  in  the  conference  hall  well  after  the  scheduled  adjournment. 

There  was  discussion  both  for  and  against  the  Interim  Standard 
and  many  called  for  clarification  and  for  information  regarding  methods 
of  testing  ard  of  assessing  the  RF  hazards  to  electroexplosive  devices  and 
systems . 

The  1-amp  1-watl  for  five  minute  dc  no-fire  requirement  was 
challenged  on  the  basis  that  dc  sensitivity  had  not  ceen  shown  to  correspond 
to  RF  sensitivity  particularly  in  the  pin-to-caee  mode  of  RF  coupling.  It 
was  pointed  out  that  1-amp  1-watt  initiators  muet  be  considered  ae  new 
devices  and  thoroughly  evaluated  from  all  aspects  before  one  contnits 
himself  to  their  uce.  One  man  commented  that  the  initiator  manufacturers 
in  attempting  to  make  1-amp,  1-watt  initiators  had  to  throw  away  all  past 
knowledge  and  experience  and  start  all  over  again.  He  claimed  that  lead 
azide  and  lead  styphnate  are  now  obsolete  as  ignition  mixes.  We  need  to 
develop  design  data  to  help  the  electroexplosive  developers  and 
manufacturers . 

Mandatory  use  of  insensitivity  devices  was  also  challenged  on 
the  basis  that  it  arbitrarily  increases  the  size,  weight,  and  cost  of 
power  supplies  relays,  wiring  and  so  forth,  and  seriously  limits  the 
designer  in  his  choice  of  cosqsonents  to  meet  mission  requirements. 

Teat  data  on  l-a«p  1-watt  initiators  with  respect  to  long  time 
storage,  thermal  stacking,  prepuises  and  RF  eensitivity  both  through  the 
bridgewire  and  pin-to-ease,and  other  performance  data  were  called  for  but 
appeared  to  be  lacking. 

How  much  safety  if  any,  is  gained  by  going  to  1-asq?  1-watt 
initiators  appears  at  this  time  to  be  an  unanswered  question.  On  the 
other  hand  no  one  eeeme  to  have  the  necessary  equipment,  know-how,  time  or 
funds  to  determine  the  RF  susceptibility  o''  their  systems  k-'id  their 
initiators  in  order  to  eatlsiy  the  Interim  Standai-us.  Using  l-anqj  1-watt 
initiators  appears  to  some  ae  the  easy  way  out,  but  they  question  whether 
it  is  really  a  solution. 

*Th.-,  text,  nf  the  Interim  Standards  appears  in  these  Proceedings,  at 
PP  35-7. 
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Full  scale  testing  by  irradiation  in  the  field  cf  missile  systems 
does  not  appear  to  be  technically  feasible  or  economically  practical.  A 
compromise  minimum  testing  program,  which  involves  determination  of  the 
RF  sensitivity  of  the  initiators  in  controlled  laboratory  tests  and  analyses 
of  possible  antennas  in  the  firing  systems  end  during  the  transportation, 
handling,  installation  and  checkout  procedures,  was  described  as  a  method 
that  appears  acceptable  to  the  Range  Safety  people.  However,  some  expressed 
doubts  as  to  its  adequacy  and  objected  to  the  time  and  cost  required  to 
perform  the  tests  and  analyses.  RF  fixes,  1-amp  l-..'ett  initiators  included, 
were  challenged  as  solutions  on  the  basis  that  they  are  not  yet  readily 
available,  have  not  been  thoroughly  evaluated,  are  expensive,  bulky,  aud 
weight,  and  in  many  instances  will  require  additional  power  supplies  and 
auxiliary  equipment  and  in  some  cases  will  degrade  the  overall  mission 
performance . 

While  the  discussion  centered  primarily  on  the  range  safety 
standards  and  the  RF  fi.  ld  Intensity  limits  stated  therein,  it  was  pointed 
out  that  most  EED's  and  systems  must  also  be  able  to  survive  in  tactical 
environments,  some  of  vdiich  may  be  many  times  worse  than  those  at  the 
range . 

Good  engineering  and  design  practices  can  go  a  long  way  in 
reducing  RF  hazards  but  many  feel  that  they  alone  can  ever  be  a  complete 
solution  to  the  RF  hazard  problem.  Thus,  it  appears  that  the  HERO  problem 
remains  unsolved.  However,  some  progress  seems  to  have  been  made  especially 
in  making  more  people  aware  of  the  various  facets  of  the  overall  problem 
and,  in  these  Proceedings,  making  available  to  many  people  sources  of 
information  vdiioh  can  assist  them  in  minimizing  RF  hazards  with  respect 
to  their  particular  systi.-c.  Programs  that  are  just  beginning  to  get 
under  way,  some  of  »diich  were  mentioned  at  the  Congress,  should  shed 
additional  light  on  the  RF  hazard  assessment  problem,  particularly  with 
respect  to  the  Interim  Standards,  and  will  undoubtly  lead  to  modifications 
of  the  Standards  as  time  gees  on. 

Lightning  Hazards 

Lightning  and  its  effect  on  missile  systems  containing  EED's  was 
given  considerable  attention.  The  theoretical  and  analytical  approaches 
to  the  problem  face  difficulties  that  are  similar  to  the  RF  problem. 

Testing  is  difficult  but  what  has  been  done  shows  good  agreement,  at  least 


in  two  instances.  Skin  bonding  is  very  Liq>ortant  in  reducing  induced 
energy.  Due  to  the  extensive  equipment  required  for  experimental  research 
in  lightning,  it  has  been  suggested  that  results  of  these  Investigations 
be  given  wide  circulation.  This  seeiB  the  logical  course  of  action. 

Statistical  Test  Plarn 

The  well  sstablished  fiaruceton  sensitivity  test  plan  was  challenged 
on  the  basis  of  extsnsivs  testing  of  several  electric  initiators.  It  is 
claimed  that  these  tests  show  a  log-logistic  test  plan  and  analytical 
procedure  gives  a  better  fit  to  the  actual  distribution  curve.  The  claim 
was  made  that,  because  the  Brucston  method  concentrates  testing  data  about 
the  mean,  large  errors  can  result  vrtisn  attempting  to  predict  the  "all-fire" 
and  "no-fire"  levels.  This  is  because  the  Bruceton  plan  assumes  that  the 
response  is  normally  distributed  with  respect  to  the  stimulus.  If  this  is 
nc-c  true,  then  the  extremes  predicted  from  Bruceton  data  will  be  in  error. 

Ihe  log-logistic  plan  requires  more  initiators  to  be  tested  but  is  clalited 
to  give  a  more  accurate  estimate  of  the  "all-fire"  and  "no-fire"  stimuli. 

It  was  further  claimed  that  use  of  small  sauries  in  the  Bruceton  can  lead 
to  even  greater  errors  in  predicting  the  extremes.  Another  challenge  to 
the  Bruceton  technique  was  made  on  the  basis  that  people  did  not  run  the 
test  proporly  or  perfora  the  calculations  properly  thereby  loading  to 
errors  in  the  test  results.  A  MIL  Standard  to  assure  uniform  Bruceton 
tests  was  suggested.  Exponents  of  the  logistic  plan  objected  to  a  Bruceton 
MIL  Standard  on  the  basis  that  the  Bruceton  should  not  be  used  unless  the 
true  distribution  is  normal  but  presumably  have  no  objection  to  a  MIL 
Standard  for  the  log-logistics  plan.  Tims  did  not  permit  conqjlete  discussion. 
It  is  hoped  to  continue  it  at  the  Electric  Initiator  Symposium,  to  be  held 
October  1  and  2,  1963,  at  the  Franklin  Institute,  Philadelphia  3>  Pa. 

A  Magic  Number 

Several  requests  were  made  for  some  magic  number  such  as  the 
personnel  hasard  limit  of  100  watts/sq  meter  that  is  clear-cut  safe  on  one 
side  and  clear-cut  hasardous  on  the  other.  There  is  no  such  number  that 
can  be  quoted  generally.  Thu  hasard  to  EEDs  depends  upon  the  sensitivity 
of  the  EED,  the  ambient  power  density,  the  gain  or  aperture  of  the  "antenna" 
and  the  system  losses.  Most  of  these  parameters  are  frequency  sensitive 
and  vary  from  system  to  system.  As  consequence,  no  one  numoer  is 
adequately  expressive  to  assure  safety. 
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An  attenriJition  of  60  db  is  the  aim  of  fixes.  This  represents  a 
power  reduction  of  one  million.  An  attenuation  of  10  db  (10  to  1  pow  .• 
reduction)  is  not  considered  high. 

One  of  the  most  hazardous  conditions  has  been  fourd  to  occur 
during  iaaliiys  connections  and  servicing. 

Tnstnimented  EEDs 

Several  methods  of  instrumenting  EEDs  to  measure  bridgewire 
heating  were  discussed.  As  general  rule  these  devices  where  thermocouples, 
photocells,  IR  cells  or  resistance  thermometers.  One  exception  was  the 
Oolay  cell  that  operates  by  thermal  expansion  at  air.  Means  of  computing 
transient  response  were  considered  and  it  was  pointed  out  that  direct 
measurement  on  the  input  of  EEDs  excited  by  RF  will  probably  upset 
measurements  to  the  polnu  where  they  are  useless. 

Arcing  in  EEDs 

External  arc-over,  mentioned  in  connection  with  pin-to-case 
initiation  was  also  considered  as  a  possible  protection  from  RF.  While 
this  may  work,  it  is  at  best  a  marginal  condition.  Arcing  in  EED  circuits 
is  a  frightening  thoijght. 

Effects  of  Prewilsing 

Changes  in  ssnsitivity  and  othsr  characteristics  can  be  caused 
by  RF  exposure  and  by  direct  current  less  than  the  maximum  no-flre  current. 
Some  experienced  ordnance  people  show  great  concern  over  thie  problem. 

Others,  while  generally  wary,  have  convinced  themselves  as  a  result  of 
experiment  that  ejqwsure  to  certain  levels  on  certain  devices  is  not 
harmful. 

Fundamental  information  on  prepulse  effects  is  lacking.  The 
need  for  this  Infonaation  is  rapidly  becoming  apparent  in  the  field.  Present 
teetlng  is  limited  to  one  exposure  level  with  subsequent  sensitivity 
testing  end  comparlton  of  e  control  lot  with  an  exposed  lot.  Better  meane 
are  needed  to  determine 

(l)  If  there  le  e  seneitivity  change  with  e  given  device, 

(z)  At  what  exposure  level  thie  chenge  occurs. 

(3.)  The  swchsnlsms  involved. 
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Antenna  For  Maximum  Hazard 


Arbritrary  choice  of  an  antenna  that  is  dubbed  a  maximum  hazard 
has  beer,  described.  A  half-wave  dipole  was  chosen  in  one  instance.  In 
another  case,  other  investigators  found  that  a  riiombio  configuration 
yielded  an  apert’.ire  roughly  8  times  that  of  the  half-wave  dipole.  The 
choice  of  a  maximu.m  aperture  is  a  matter  for  conjecture  at  thie  point. 

The  antenna  is  one  very  important  part  of  the  RF  hazard.  Until  many 
aperture  or  gain  measurements  or  computations  are  made,  we  ntust  consider 
and  check  out  all  of  the  possible  antenna  ronfigurations  each  case. 

A  20-anqjere  blasting  cap  was  suggested  as  a  solution  to  protecting 
them  from  RF.  This  suggestion  was  made  becauee  cape  are  used  on  the 
ground.  However,  weight  efficiency  is  Important  to  the  foot  soldier  just 
as  it  is  to  the  missile.  Strings  of  blasting  cape  are  fired  from  power 
sources  that  are  of  limited  weight  and  output ,  Further,  blasting  caps 
are  in  need  of  RF  protection  becauee  of  their  inherent  long,  unshielded, 
untwisted  open-lead  construction. 

Problems  with  Dissipative  Filters 

The  problems  aesoelated  with  a  dleelpatlve  RF  protecting  device 
were  dlecuesed  at  Intervale  throughout  the  Congress.  The  ability  of  the 
attenuator  to  wlthetand  heat  as  a  result  of  power  dissipation  was  questioned 
as  well  as  the  voltage  breakdown  eharacterlntie  of  various  materials  and 
fixes.  The  power  dleelpatlon  for  any  input  can  be  computed  if  attenuation 
is  known.  From  the  current  and  power  reported  in  EED  circuits,  thie  value 
may  theoretically  approach  several  hundred  watts.  Actual  experiments 
have  shown  that  the  mounting  of  the  EED  can  act  as  a  heat  sink.  Especially 
in  the  case  of  EEDs  with  Integral  attenuators,  this  is  all  important. 

Some  devices  firs  within  seconds  from  heat  build-up  >^en  they  are  suspended 
in  air,  while  with  metal  surroundings  they  last  minutes  or  even  longer. 

With  no  size  limitation  Imposed,  most  attenuators  can  be  built  to  dissipate 
a  great  deal  of  power  ae  heat. 

ttUh-T^HMOtuni  EaAgilEi 

The  need  for  high  temperature  initiator  materials  was  brought 
forth  in  two  aspects.  First,  there  is  a  gain  in  using  high  temperature 
explosives  along  with  dissipative  attenuators  of  RF;  and  second,  there  is 
a  cu’-rent  need  for  sterilisation  of  all  components  that  are  to  be  placed 
into  space  which  calls  for  exposurs  to  135*C. 
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The  Effocta  of  Fixes 


The  effect  of  filters  and  attenuator  and  the  normal  functioning 
time  chiiracteriatics  of  an  EED  are  important .  With  the  development  of 
1UU5C  fixes,  suiae  effort  has  been  made  to  obtain  information  on  the  effect 
of  the  fix  on  functioning  time  and  sensitivity.  This  information  is 
lacking,  or  at  the  very  best,  sketchy  in  iiiany  of  the  newer  fixes. 
Reliability  and  environmental  performance  data  is  also  badly  needed  on 
those  fixes. 
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DISTRIBniUi  LEST  (Cent.) 


Co.’Titnajider 

Navy  ElsctrOTiios  laboratory 
San  Diego,  CiSiSornia 
Attn:  E.  1.  ibbey  (12C) 

Charles  A.  Nelson  (121) 

Comrander  Naval  Air  Force 
U.S.  faoific  Fleet 
U.S.  Navel  Air  Station 
Noi-th  Island,  Box  1210 
San  Diego  35,  California 
Attn:  C.  T.  Fauldtrs, 

Jr.  723  (122-123) 

Conaander  Naval  Air  Force 
U.S.  Atlantic  Fleet 
U.S.  Naval  Air  Station 
Norfolk  11,  Virginia 
Coda:  CNAL  72AB  (124) 

Conmander  Amphibious  Force 
U,'.  Fleet. 

U.S.  Naval  Base 
Norfolk  11,  Virginia 
Attn:  W.  J.  Hess  (125) 

Commander  Amphibious  Force 

U.S.  Pacific  Fleet 

San  Diego  32,  Calli'ornla  (126) 

Commander  Cruiser-Destroyer  Force 
U.S.  Pacific  Fleet 
San  Diego  32,  California 
Code:  43  (127) 

Commander  Cruiser-Destroyer  Force 

U.S,  Atlantic  Fleet 

Newport,  Rhode  Island 

Attn:  Lt,  Joseph  D,  Mlcell  (128) 

Commander  Mine  Force 
U.S.  Pacific  Fleet 
U.S,  Naval  Station 
Long  Beach,  California 
Code:  43  (129) 

Commander  Kii'S  Fo-ce 
U.S.  .Atlantic  Fleet  Nine  Force 
.  arlestcn.  South  UarolE.a  (130) 

Commander,  Service  Force 
U.S.  Pacific  Fleet 
c/o  Fleet  Pest  Cfficir 
San  Francisco,  California 
Code:  25  (131) 

Commander  Service  Force 
U.S.  Atlantic  Fleet 
Building  142,  U.S.  liaval  Base 
Norfolk  11,  Vii-ginla  (132) 


Commander  Submarine  Force 
U.S.  Atlantic  Fleet 
c/o  fleet  Post  Office 
New  York,  New  York  (133) 

Commander  Submarine  Force 
U.S.  Pacific  Fleet 
Navy  Number  128,  c/o  FPO 
San  Franc.isoo,  California 
Attn:  L.  G.  Yeloh  (134) 

Commander  Training  Command 
U.S.  Pacific  Fleet 
c/o  U.S.  Fleet  Anti-Submarine 
Warfare  School 

San  Diago  47,  California  (135) 

Commander  Training  Ccscand 
U.S.  Atlantic  Fleet 
U.S.  Naval  Base 
Norfolk  11,  Virginia  (136) 

Coinaander-in-Chief 
U.S.  Pacific  Fleet 
c/o  Fleet  Post  Office 
Sar  Francisco,  California 
Code:  4  (137) 

Cecmander-ln-Chiaf 
U.S.  Atlantic  Fleet 
U.S.  Naval  Base 
Norfolk  11,  Virginia 
Attn:  Capt.  David  S.  Sterrett  (138) 
Lcdr.  John  Painter  (139) 

Command er-in-Chiaf 
U.S.  Naval  Forces  Europe 
Navy  Number  100,  Box  8,  FPO 
New  York,  New  York 
/ittn:  C.  H.  Hoar  (l/,0-lA2) 

Cemmander  Fli'st  Fleet 
c/6  Fleet  Post  Office 
San  Francisco,  California  (143) 

Commander  Second  FJ  /t 

c/o  Fleet  Post  Office 

Now  York,  New  York 

Attn:  Cdr.  Hershvll  Fortner  (144) 

Commander  Sixth  Fleet 
c/o  Fleet  Post  Office 
Hew  y-n':.  New  York  (145) 

Commander  Seventh  Fleet 

c/o  Fleet  Per.*  ''fflee 

San  Francisco,  California  (146) 


Commander,  Bureau  of  Naval  Weapons 
Fleet  Readiness  Rep.  Pacific 
Naval  Air  Station,  North  Island 
San  Diego  35,  California 
Code:  FEE-236  (14?) 

Commander 

Operational  Test  and  Eval.  Force 
Norfolk  11,  Virginia  (148) 

Cositander 

Nuclear  Weapons  Training  Center 
Atlantic 

Norfolk  11,  Virginia 

Attn:  George  K.  Larkin,  Jr,  (149) 

Consander 

Boston  Naval  Shliiyard 

Boston  29,  Massachusetts 

Attn:  Bu.-rell  «.  KitchsU  (150) 

Commander 

Puget  Sound  Neval  ShlRfard 
Hrenerton,  Washington  (I5l) 

Consandsr 

New  York  Naval  Shipyaid 
Naval  Base 

Brooklyn  1,  New  York 
Code:  290  (152) 

nonsa&ndtf 

Charleeton  Naval  Shipyard 
U.S,  Naval  Base 
Charleston,  South  Carolina 
Coda:  ;M0  (153) 

290  (154) 

Comnandar 

Long  Baach  Naval  Shipyard 
Long  Beach  2,  California 
Attn:  Walter  A,  Specht  (155) 

James  F.  Willis  (156) 

Coiam&nder 

San  Frtncisoo  Naval  Shipyard 
San  Francisco  24,  California 
Attn:  Taehnical  Library  (157) 

Cosnandtr 

Paarl  Harbor  Naval  Shipyard 
Navy  Number  128,  o/o  FPO 
Sen  Francisco,  Cellfomia 
Code:  246L  (158) 

280  (159) 

Cosnander 

Mare  Island  Naval  Shliyard 
Vallejo,  California  (160) 
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Connuider 

PhlltdalphiA  Naval  Shlforard 
Naval  Bass 

Philadelphia  12,  Pennsylvania 
Attn:  Josiph  M.  ClO'Ml  (l6l) 

M.  Helsbers,  Coda  ZSt  (lU) 

r,  TvSt, 

Code  272  (163) 

Commander 

Fbrtsnouth  Naval  Shipyard 
Portsmouth,  New  Htnpehira  (I64) 

Consander 

Norfolk  Naval  Shipyard 
Portsaouth,  Virginia 
Code:  290  (I65) 

Coamandar 

Fourth  Naval  District 
Philadelphia  12,  Pennsylvania 
Attn:  U.  Cdr.  L.  G.  Valade  (166) 

Comoandant,  Fourteenth  Naval  Diet. 
Navy  Number  12S,  FFO 
San  Francleco,  Calif ortda 
Attn:  G.  H.  Keyee  (166-167) 

Coaoandlng  Officer 
U.S.  Naval  Asmsinitlon  Depot 
Navy  Number  66,  c/o  FFO 
San  Francisco,  California 

Coistandar 

U.S,  Naval  Asmunltlon  Pepot 

Kacalestar,  Cllthoire 

Attn:  I^lmer  L.  Anthony,  Jr.  (169) 

Director 

U.S,  Naval  Research  laboratory 
Washington  2$,  D.C. 

Attn:  Rufus  W,  Wright  (170) 

Conander 

Material  laboratory 

Haw  York  Naval  Shipyard,  New  York 

Code:  930  (171) 

746D  (172) 

Deputy  Director 
Electroisagnetlc  Coeipatlblllty 
Analysis  Caiter 
U.S,  Naval  Ihgr.  Gxp,  Station 
Annapolis,  Maryland 
Attn:  A.  M.  Brouner  (173-174) 

Office,  Secretary  of  Defense 
The  Pentagon 
Washington  23,  D.C. 

Attn:  Henry  Randall  (173) 


Office  of  Director  of  Defense 
Research  and  Engineering 
The  Pentagon 
Washington  23,  D.C. 

Attn:  H,  Bell  (IVu) 

J.  H.  Bridges  (177) 

R.  H.  Yates  (173) 

HeadOTsrters 

U.S.  Army  Materiel  Coecand 
Washington  23,  D.C. 

Attn:  Gilbert  H.  Rosenberg  (179) 
Walter  G.  Quean  (180) 

Commanding  General 

U.S.  Army  Hunltioiu  Consand 

Dover,  Haw  Jersey 

Attn:  GUbari  F.  Cheenov  (181) 

Commanding  Officer 
Frankford  Arsenal 
Philadelphia  37,  Pennsylvania 
Attn:  Thoeiaa  Q.  Clccons  (182) 

James  F.  Kowallck  (lS3) 
William  F.  Perkins  (184) 
Marco  Petronlo,  1336  (ll!3) 
Alonso  White  (186) 

Teclnical  Info,  Section  (187) 

Coenanding  Officer 
Plcatinny  Aresnal 
luver,  Hsw  Jersey 
Attn:  Richard  Aaron  (188) 

Stanley  Adelman  (189) 

Fred  Correll  (190) 

Abraham  Grlnoch  (191) 

Rtllip  J.  Quatrochl  (172) 
Richard  0.  Sets  (193) 

Deonard  R,  Stelnmark  (194) 
Theodore  Wsrshai.1  (193) 
Daniel  Waxier  (196) 

Technical  Info,  Section  (197) 

Conmndlng  General 
U.S.  Army  Mleeile  Coaaand 
Redstone  Arsaul,  Alabama 
Attn:  Malcolm  M.  Hudgins  (193) 

James  H.  McAndrcws, 
roBR-PWS  (199) 

Charles  R.  Snead  (200) 

Fraru;is  A.  tilhelm  (201) 

James  B.  Wright 
Code  AHCHI-S  (202-203) 

Cosaaandcnt 

U.S,  Army  Ordnance  Guided  Missile 
Sohool 

Redstone  Arseiwl,  Alabama 
Attn:  Richard  W.  Jones  (204) 


Headquarters 

Amy  Test  and  Evaluation  Coimoand 
Aberdeen  IVoring  Ground,  Maryland 
Attn:  I.  H.  Ober.chain,  Jr., 

Col.,  USA  (203) 

Director,  Ballistic  Research 
laboratories 

Aberdeen  proving  Ground,  Maryland 
Attn:  Harold  Zaneanta  (206) 

Ibraaldent 

U-S.  Army  Airborne  and  Electrbnica 
Board 

Fort  Bragg,  North  Carolina  (207) 
Chief 

U.S,  Army  Nuelaar  Waapone  Support 
Group 

Fort  lelvoir,  Virginia 
Attn-  Gerald  C,  Morgan  (2u8) 

Coenanding  Offlcar 
U.S.  Amy  Boglntcr  Reeearch 
and  Devalopnent  laboratorlee 
Fort  Balvolr,  Virginia 
Attn:  Dr.  Z.  V.  Harvalik  (209) 

U.S.  Amy  Field  Safety  Office 
P.O.  Box  600 
Jefferson,  Indiana 
Attn:  R.  J.  Shlrock  (210) 

Offlct  Chlat  Sl^l  Offlcar 
Rttearch  and  Dsvaloimant  Dlvlalon 
Washington  23,  D.C, 

Cods:  SKaiD-8  (2U) 

CoBnsnd1r.g  Offlcar 
U.S.  Any  Elsctrenlcs  Rssssrch  snd 
Dsvsloissnt  laborstorlss 
Fort  Monmouth,  Ntw  Jsrssy 
Attn:  E.  S.  Ikooks, 

SI®A/EUP5  (212) 

Wsrrtn  A,  Ksssslmsn  (213) 
Robart  D.  MoKinsls  (214) 
Bruno  Rlppks  (213) 

U.S.  Amy  Slgnsl  Radio  FT-opulslon 
Agsncy 

Fort  Monmouth,  Ntw  Jsrssy 
Attn;  Frsdsrlck  H.  Dickson  (216) 

Comigsnding  Qfflcsr 
Harry  Diamond  Daboratorlss 
Washington  23,  D.C. 

Attn:  Morris  Brtnnar  (217) 
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Office,  Chief  of  Engineers 
Research  and  Development  Division 
Field  Engineering  Branch 
Washington  2?,  D.C. 

Code:  QjGRD>F  (218) 

Cossoanding  General 
2nd  Region  U,S.  Army  Air  Defense 
Cemoand 

621  North  Robinson 

Oklahosji  City  2,  Oklahoma  (219) 

Commanding  General 
White  Sands  Missile  Range 
New  Mexico 

Attn:  Hunter  L.  Harris  (220) 

Commanding  Officra* 

U.S.  Army  Electronics  Research 
White  Sands  Missile  Range 
New  Mexico 

Attn:  William  C.  Hilbert  (221) 

Commanding  General 
U.S.  Army  Electronics  Proving 
Ground 

Fort  Huachuca,  Arltona 
Attn:  Technical  Library  (222) 

Director 

Office  of  Special  Weapons  Devel. 

U.S.  Continental  Army  Coffaand 
Fort  Bliss,  Texas 

Attn:  Capt.  Chester  I.  Peteraon(223) 

Coamandlng  Officer 
Lett^rkenny  Ordnence  Depot 
Cluabwaburg,  Pvms7lv.nl. 

Attn:  S.frt7  Dtrwtor  (Z2it) 

KMdqusrtcms 

Air  Kmvurch  vid  Dvr.lopavit  Conavid 
Andrvre  Air  Pore.  Bu. 

Wuhlngton  25,  D.C. 

Attn:  Hynan  Ackv^n  (225) 

HMdquartwa 

Air  Fore.  Systvis  Coound 
Andrsus  Air  Fore.  Bus 
Wuhlngton  25,  D.C. 

Attn:  H.J.  Donald  H.  DavU  (226) 

AFSC  SelvitlFlc  and  Tuhnlcal 
Ualaon  Offle. 

Eastam  Contract  Hanagnvit  Raglon 
Air  Fora.  Syitvas  CooBuid 
:/o  Dspartmwlt'  of  th.  itevy 
Room  2305,  Munition  Building 
Washington  25,  D.C. 

Attn:  Capt.  Harold  B.  Pow.ll  (227) 


UlSTKlbUrilJS  LIS,'  (uoilt.) 
Coamsndv 

Air  Force  Ballistic  Systeos  Dlv. 
Norton  Air  Fore.  Bass,  Californ..a 
Attn:  Lt.  Col.  C.  W.  Schmidt  (228) 

Dir actor 

Nuclaar  Safety  Rasearch 
Kirtland  Air  Fore.  Baa.,  Ns-.^  Maxloo 
Code:  AFCiJS  (229) 

Commander 

Air  Force  Missile  Test  Center 
Patrick  Air  Force  Base,  Florida 
Attn:  Edward  J.  Tyzenhousa, 

CS-13  (230) 

Hudquartars 
Ogden  Air  Materiel  Aru 
Hill  Air  Force  Bue 
Ogden,  Utah 
Code:  OOISS  (231) 

Commander 

Air  Force  Klseile  Devel.  Center 
Holloiaan  Air  Force  Base 
Alamagurdo,  New  Hvtico 
Code:  MDBG  (23k) 

Commander 

Air  Force  Special  Wupons  Canter 
Kirtland  Air  Force  Baee 
Albuquerque,  Hew  Mexico 
Attn:  Capt.  J.  Soharff  (233) 

2/Lt.  Raymond  J.  Hv,gel  (234) 
Albert  S.  Hart  (235) 


Director 

Hitsile  Safety  Division 
Morton  Air  Force  Bue,  California 
Attn:  Maj.  P.  R.  Berry  (236) 

Coanandar 

Air  Force  Flight  Tut  Center 
Edwarda  Air  Force  Ease,  California 
Attn:  Albert  R.  Reid  (237) 

Hq.  Contlnvital  Air  Defense  Ciad. 

Fht  Air  Force  Base,  Coloreds 
Attn:  Lt.  Col.  R.  M.  Hemllton  (236) 
H.  W.  Douglas  (239) 

Csnsander 

Air  Force  Electronic  Systass  Dlv. 
Hanscom  Air  Force  Base, 

Bedford,  Hessachueetti 
Attn:  W.  Dtx,  ESRDV  (240) 

Coasandar 

Space  System  Division 
Air  Force  Unit  Post  Office 
Los  Angelu  45,  Celifornle 
Attn:  Capt.  A.  K.  Elllsun  (24i) 
Capt.  Hugo  J.  HlUtr  (242/ 


Ctmaandur 

Air  Force  Aeronautical  System.-  '"iv. 
kh'ight-Patterson  A.  F.  Base,  Ohio 
Attn:  Claude  R.  Austin  (243) 

Coimaiidv 

fUimcom  Air  Fores  Base,  Mus. 

Attn:  Capt.  Long, 

AFCCDD/CCSEI-1  (244) 

Conaandar 

Strategic  Air  Conrand 
Offutt  Air  Force  Bue.  Nebraska 
Code:  DOSDH  (245) 

Director  Air  University  Library 
Maxwell  Air  Force  Bue,  Alabama 
Cods:  AUL3T-59-58  (246) 

Coanandar 

Haadquartere  Ground  Electronics 
Ehginearir.g  Installation  Agency 
Grifflse  Air  Force  Bue,  N.T. 

Attn:  Michael  Kelly,  ROZKWT  (247) 
Norman  RudUcoff,  ROZHWT  (246) 

Coamandlng  Offictr 
Rome  Air  Develoiment  Center 
Griffiss  Air  Force  Bus,  New  York 
Code:  RCSSL  (249) 

RCIS  (Philip  L.  S»ndle^r2‘;o) 

Haadquartere 

Wright  Air  Dsvelopaent  Center 
United  Stated  Air  Force  Bue 
Wright-Patterson  AF  Bue,  Ohio  (251) 

Headquirtars 

1002  Inspector  General  Group 
Kirtland  Air  Force  Bue,  N.H. 

Attn:  Lt.  Col.  £.  Stewart  (252) 

Armtd  Sarv.  Exploiivu  Safrty  Boud 
D.partmv>t  of  Dtfns. 

Rm.  2075,  Bldg.  T-7,  Gravelly  Point 
Wuhlngton  25,  D.C.  (253) 

Coamander 

Air  Force  Aeronautical  Systvas  Dlv. 
^lin  Air  Force  Bees,  Florida 
Attn:  Raymoiul  K.  Vtr^Uion  (254) 

Armed  Servlcw  Taoh.  Info.  Agency 
Arlington  Hall  Station 
Arlington,  Virginia 
Attn:  Tech.  Info.  Section  (255-264) 

Coaiaandant  of  the  Marine  Corps 
Wuhlngton  25,  D.C. 

Code:  AAE  (265) 

A04C  (266) 
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Itarina  Corps  Headquartara 
Washlr^on  25,  D.C. 

Attn:  C.  Day  (267) 

J.  A.  Karaog  (268) 

K.  A.  Fanzo  (269) 

T.  H.  Raedj'  (270) 

R.  H.  RuaseU  (271) 

CoDDanding  Ganaral 
Haadquartara,  Flaat  Marine  Force, 

Fiaoli'io 

o/o  Fleet  Post  Office 
San  Francisco,  California 
Attn:  Forca  Conunications 

Electronic  Officer  (272) 

Conmandlng  General 

Fleet  Marine  Force,  Atlaiitic 

U.S.  Neval  Base 

Norfolk  11,  Virginia 

Attn:  Capt.  0.  C.  Docke  (273) 

Coananding  Ganaral 

Air  Fleet  Karine  Force,  Pacific 

KCAS,  El  Toro 

Santa  Ana,  California  (276) 

EXID  Officer 
Karine  Corps  Base 
29  Palos,  California 
Attn:  J.  B.  Danosna, 

Capt.  USKC  U75) 

U.S.  Atomic  Fhergy  Connlaalon 
Division  of  Military  Application 
Washington  25,  O.C.  (276) 

Hinager 

Albuquerque  Operations  Office,  USAGC 
P.O.  Box  5400 
Albuquerque,  New  Mexico 
Attn;  Weapons  Systass  Safety 
Branch  (277) 

Headquarters 

234eth  Air  Base  Wing,  USAF 
Norton  Air  Force  Base,  California 
Attn:  Lt.  Col,  Carvel  W.  Schmidt (278) 

Headquarters,  Defense  Atomic 
Support  Agency 
Waehington  25,  O.C. 

Attn;  Claude  N.  OeBuhr  (279) 

Commander,  Field  Command 
Defense  Atomic  Support  Agency 
Albuquerque,  New  Mexico 
Attn:  Cdr.  P.  P.  Krell  (280) 

U.S.  AtonU.c  Support  Ve:  <:/ 

Hq.  Field  Commano  Oefanse 

Albuquerque,  New  Hexioo 

Attn:  It.  C^.  H.J.  Johnson  (281) 


National  Aei'or.autics  and  Space 
Admlnistrntion 

Office  of  Manned  Space  Flight 
Washington  2*;,  p.c, 

Attn.  ii.  J.  ^asnlcan  (232) 

Natinial  Aeronautics  and  Space 
Administration 

George  C.  Marshall  .'vacs  Flight  Ctr. 
M-PD^PS 

Huntsville.  Alaba.mn 
Attn:  Joe  H.  Burson  (233) 

Albert  A.  O'Connor  (284) 
lawrence  D.  Wear  (285) 

National  Aeronautics  and  Space 
Idclnlatration 
Goddard  Space  Flight  Canter 
Greenbelt,  Maryland 
Attn:  Marinue  S.  latour  (286) 
Raymond  L.  Ncrmar.  (28?) 
George  w.  Wagner  (238) 

Fitional  Aeronautics  and  Space 
Adminlstretion 
Lewie  Research  Center 
Cleveland,  Ohio 
Attn:  Mr.  Swasaly  (289) 

Nitional  Aeronautics  and  Space 
Adminletration 
Cocoa  Beach,  Florida 
Attn:  Paul  V.  King  (290) 

Angle-  J.  Taiani  (291) 

National  Aeronautics  and  Space 
Administration 
Langley  Field,  Virginia 
Attn:  James  Jones,  Jr.  (292) 

National  Aeronautics  and  Space 
Administration 
Manned  Spacecraft  Canter 
Houston  1,  Texas 
Attn:  Mario  Falbo  (293) 

Vte.  H.  Sijnsons  (294) 

E.  W.  Timsons  (295) 

National  Aeronautics  and  Space 
Adminlatretion 

Wallops  Station,  Wallops  Island 
Virginia 

Attn;  James  H.  Atkinson  (296) 

Federal  Aviation  Agsney 
Washington  25,  D.C. 

Attn:  Wb.  C.  Richardson,  Jr.  (297) 


Federal  Aviation  Agency 
Systems  fl&D  Service,  NAFEC 
Atlantic  City,  New  Jersey 
Attn:  Rlchu4  V.  Grom  (298) 

John  J.  Kulik  (299) 

Jack  I.  Shreger  (300) 

Bureau  of  Hines 
4800  Forbes  Avenue 
Pittsburg  13,  Pennsylvania 
Attn:  5.  C.  Oibeon  (30l) 

Small  Business  Administration 
1015  Chestnut  Street 
Philadelphia  7,  Pennsylvania 
Attn;  Frank  Fareons  (302) 

Bureau  of  Naval  Weapons  Rep, 
Special  Projects  Office 
Lockheed  Missiles  It  Space  Co. 

P.O.  Box  504 

Sunnyvale,  California 

Attn:  Toney  L,  Coffee,  Jr.  (303) 
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Aerojw.-Gcre;  Corporetion 
11  ?1 1  .  '.-a-'af f  Av«nue 

Down-:;^  ^Iforni# 

Attn;  Dr.  H.  J.  Fisher  OOt) 

Aerw^et*^ener4l  Ccrp. 

P.  0.  Bex  194V 

Stcremento,  Callfomle 

Attn:  Richard  K.  Freelich  (305) 

Aerciao  Developcnent  Co. 

330  W .  Hollv  St . 

PaeaJena,  Callfomie 
Aiti.*  Jun  Fukustwa  (306) 

Aerospace  Corp. 

P.  0.  Box  95085 

I>o8  An^elee  45 «  California 

Attn:  Au^et.ino  Albaneee  (307) 

I.  P.  Cohen  (308) 

Saouei  K.  Foote  (309) 
Thonae  S.  Gottler  (310) 
r«onard  H.  Mahler  (311) 
Wllllan  T.  Shen«  (312) 
William  T.  Treveakls  (313) 

J.  ft.  Wilson  (314) 

Tech.  Library  (315) 

Aerospace  Corp. 

P.  0.  Box  1308 

San  Bemedlno,  Cellforria 

Attn:  Albe»^.  Oeylord  (31^) 

Allegany  Ballistics  Lab. 

Herculea  Powdar  Co. 

P.  0.  Box  210 
CuBberlandy  Ml. 

Attn:  Edwin  D.  Harvey  (317) 

AUeg^  Ballietica  Ub. 

Kercdjet  Tvwiw  Cw. 

Rldgeley,  Vest  Virginia 
Attn:  George  T.  Hunpaert  (318) 

Allen«Bradley  Co. 

Kilwatikee,  Wiaeoniin 
Attn:  Floyd  BLoiwSehl  (319) 


Atlee  Cheicical  IrJustriri,  Inc. 
fteyr.olde  Plant 
Tana^ua,  Pa . 

Attn:  Benjasdn  A,  Gay  (32b) 

Atlas  Chemical  Ir.du3trieei  Inc. 
AFroapace  Coaponente  Divialon 
Wilmington  99,  Delaware 
Attn;  Robert  J.  Crosby  (32?) 

Ray  A.  Dietrtch  (328) 
Robert  McGlrr  (329) 

Edward  M.  Simon  (330) 
Matthew  J.  White.  Jr.  (331) 

AVCO  H&D  Advanced  Devel '^patent 
201  Lowell  St. 

Wilmington,  Maee. 

Attn:  Cherlee  Creecee  (332) 

Paul  B.  Tweed  (333) 

Herbert  S.  Welntreub  (334) 

Beckman  At  Whitley,  Inc. 

993  E.  Sen  Carloe  Ave. 

San  Cerloe,  California 
Attn:  C.  H.  Baglay  (335) 

J.  Corcoran  (3^) 

James  W.  Kagenbeugh  (337) 
George  T.  Sowlakie  (33^) 

J.  Tim  (339) 

Bell  Telephone  I^b..  Inc. 

Vhlppany,  New  Jersey 

Attni  Robert  C.  Scerretor  (340) 

The  Bendlx  Corp. 

Seintille,  Dlvlelon 
Sidney,  New  Toric 

Attn:  Kenneth  A.  Henderson  (341) 
Kerl  Kreue  (342) 

Arthur  P.  Koran  (343) 

Louie  H.  Segal  (344) 

Bermite  Powder  Coopeny 
22116  W.  Soledad  Canyon  Rd, 
Saugue,  California 
Attnt  Louia  LoFiego  (345) 

Samuel  P.  KiUer  (346) 


Chance  Vought  Corp. 

P.  0.  Box  5907 
Dalles  22,  Texae 
Attn:  William  G.  Gjerteoii  (354) 
Clyde  M.  Jones  (355) 

Cenax  Corp. 

2300  Welden  Ave . 

Buffalo  25,  N.Y. 

Attn:  Arthur  E.  Heeftter  (356) 
Edward  G.  Plereon  (357) 

Consolidated  Controls  Corp. 

750  S.  Isis  Ave. 

Inglewood,  California 
Attn:  Richard  G.  Cerleon  (35B) 
'william  Snyder  (359) 

Conveir-Astroneutice 
5001  Keemy  Villa  Rd . 

Sen  Diego  IL,  Ca?lf'Mtiia 
Attn:  Alfred  Hllla  (36O) 

J.  S.  Nuding  (361) 

Harold  W.  Qualls  (362) 

Cook  Electric  Company 
6401  Oairion  St. 

Morton  Grova,  Illinois 
Attn:  Mr.  W,  H.  Dunning  (363) 

Dayetron,  Ir.c, 

Waston  Inetr.  and  Electr.  Div. 
614  Fralinghuysen  Avenue 
Newartc  14,  New  Jersey 
Attn:  Mr.  C.  Stolar  (364) 

Dayton  T.  Brown,  Inc. 

Testing  Labs.  &  Engr.  Div. 

555  Chuwh  Strest 
Bohemia,  1.  I.,  New  York 
Attn:  Heward  R.  Ucy  (365) 

Denvar  Research  Inetitute 
University  of  Dsnvsr 
Univsrslty  Pdi* 

Dsnvsr  10,  Colorsdo 
Attn:  Richard  K.  Fry  (366) 


^mnrietn  Electronlce  tah.,  Tnc. 
Colmar,  Pa. 

Attn:  Robert  H.  Sugeroan  (320) 

Afflpht.wi  Cviuirctor  Division 
Central  Operations 
1830  S.  54th  Avenue 
Clileago  50,  Illinois 
Attn:  Willie"*  Kaehek,  Jr.  (321) 
Roger  J.  Mueller  (322) 

Art:  Electronics  Corp. 

624-26  Cavlsville  Rd. 

Willow  Grove,  F%. 

Attn:  Fred  Kugler  (323) 

Amour  Research  Foundation 
10  W.  35th  bl. 

Chicago  16,  Illinois 
Attn:  Henry  G.  Tobin  (324) 

Aatropower,  Inc. 

2121  Paularino  Ave. 

P.  0.  Box  2298 

Newport  Beach,  Ca7.1fonue 

Attn:  Roaa  L.  Edgall,  Jr.  (325) 


BioHtetsn  Research  Labs.,  Inc. 
P.  0.  Box  *65 
Midi ton  1,  Wisconsin 
Attn:  lari  A.  Heysr  (347) 

Dale  0.  HollnbecV  (348) 


The  Boeing  Coapany 
P.  0.  Box  3707 
Seattla  24,  Weehington 
Attn:  Richard  F.  Holtman  (349) 
George  E.  Metcalf  (350) 

R.  E.  Murakami,  Org. 2-5472, 
Mall  Stop  a-31  (351 ) 


Bulove  Ree.  4  Devel,  L^s. 
62-10  Woodside  Ave. 
Woodiide  77,  N.T. 

Attn:  Melvin  Eneman  (352) 


Cannon  Electric  Co. 

3208  HuRg)oldv  3t. 

Lot  Angeles,  Callfomie 
Attn:  Frarik  Walker  (353) 


Douglas  Aircraft  Co.,  Inc. 
Aircraft  Divleion 
Tvong  Beech,  Callfomie 
Attn:  Jess  W.  Lockhert  (36?) 

Douglie  Aircraft  Company.  Inc. 
Hieeila  li  Spaca  Systems  Division 
Sente  Konici,  Celifomie 
Attn:  Robert  J.  Drecnsler  (368) 
Homer  W.  Fairchild  (369) 
Robert  H.  Kleat  (370) 
Richard  C.  Kohlhtytr  (371) 
Robert  R.  Sullivan  (372^ 
Henry  B.  Warner  (373) 

E.  I.  duPent  dt  Nanoure  4  Co. 
Eastam  laboratory 
Gibbetown,  New  Jersey 
»*tn:  George  *.  Noddin  (374) 
Kleus  G.  Ruckar  (375) 

E.  I.  duPont  de  Neoaurs  4  Co. 
Wilmlngtor.  98,  Delaware 
Attn:  Paul  J.  Bryen  (376) 

Charles  H.  Cramer  (377) 
John  P.  Ireland,  Jr.  (378) 
Paul  A.  Ramadell  (379) 
Herbert  L.  Schaaf  (380) 


m 


Eltsl  MoCnUouch,  Ir.e. 

San  Carloa,  California 
Attni  LomU  a.  (381) 

Elgin  Ration  Vatd)  Coapanf 
MD  Divialor.i  Ind.  Group 
1200  Hieka  itoad 
Rolling  HMdowa^  Ulinoia 
Attnt  Rajawftd  V,  Kaldom  (382) 
Gaorga  ?.  Zim»rmn  (3^) 

Yha  Enalgn-Rlckford  Co. 

660  hi^Moadow  St. 

P.  0.  aox  308 
SijMburjr.  Comaetleat 
Attn:  Th''^2  V.  Rarfcnn  (3fti) 
tfUllaa  H.  Soith  (385) 

Eur<R(a  WilliaaH  Coopany 
Dir.  of  Kht.  UnlM  Slaetrle  Corp. 
BQ.oeBdngton,  Illinola 
Attn:  R.  Coabo  (3861 

Ualia  J.  Voodf  '(387) 

Pairchild  Caanra  4  XrMLruaant  Co:  ^ 
Robblna  l4iui 

l^aaat,  L.  I.|  Raw  Tort: 

Attn:  Arnold  t.  Albln  (388) 

Robart  B.  Kaaaatt  (389) 

mtror.  Cjopanyt  lee. 

131*15  Powlar  Avanua 
Ploahlng  55»  R.T. 

Attn:  VlUiaa  Jarra  (390) 

Plana  Horihtm  Oiritlon 
Atlantic  Rataareh  Corp. 

19701  K.  Oeadvala  M. 

Saugua,  California 
Attn:  John  E.  Ardaua  (391) 

ErMat  J.  OnMn  (397) 

Plan  Kortham  Dirtaion 
Atlantia  Baaaareh  Corp. 

P.O.  Bog  175 
Waat  Kanorar,  %aa. 

Attn:  David  P.  HaU  (393) 

Pranklin  SyataiM^  Ine. 

P.O.  Box  3390 

Waat  Palm  Raaoh,  Plorlda 

Attn:  Dr.  Martin  J.  Cohan  (394) 

Ganaral  Dynaxiaa  Corp. 

P.O.  Box  748 

Port  Worth  1 )  Taxaa 

Attn:  Howard  E.  Athay  (395) 

Ganaral  Dynaadoa  Corp. 

167$  W.  5th  St. 

Pnami  California 
Attn:  Ue  V.  KUpatrlek  (396) 
Ropart  P.  Schula  (397) 

Oanaral  Dmaad:^  Corp* 

San  Diago,  Califom^i 
Attn:  Gaorga  WUaor  (39*) 

Ganaral  ElaoUt*:  Co. 

Apollo  *'^‘«Tt  Npt. 

P.O.  Bys.  1098 

foaeaBaacht  r^rlda 

Attn:  Harbart  E.  Curtii  (39V) 

Oanaral  Elaetrlo  Co. 

ApoUa  Support  Dapt. 

7019  Gulf  fratwajr 
Hauaton  32 >  faxai 
Attn:  Trey  R.  Whitahurit  (400) 


Ganaral  Eiaetrle  Co. 

Adranead  Spaea  hrojaet  Dapt. 

Kliy  of  Pr^ala,  Ph. 

Attn:  Hbart  E.  daMaria  (401) 
Jaata  L.  Lilly  (402) 

Uananl  Elaetric  Cu. 

Sa-Sntry  Syataaa  Daj^. 

3196  Chaatnut  St. 

^ladali^a*  Pama. 

Attn:  Alfrad  P.  Garawltt  (403) 
WiUliA  Koehar  (404) 
Barnard  Kanabaeh  (405) 
Kanv  5.  Paacoek  (406) 
Banjaain  Taraa  (407) 

Ganaral  £laetrte  Co. 

Ra-Sntiy  Syaieaa  Dapt. 

Spring  Gardan  St. 

Ptdladalphla.  Banna. 

Attn:  John  E.  Blndaa  (408) 

Edwin  Knippaiterg  (409) 

Ganaral  Elaetilc  Co. 
lejcetlda  Arr.Ti«e 
6ttrllacton»  Vt. 

Attn:  S.  Banaon,  M.B.B.  (UO) 

Qaaaral  Eiaetrle  Co. 

Rooa  35f  Bldg.  3 
Court  Straat 
3yiaeuaa»  N.Y. 

Attttt  Crtatapiar  C.  Pallon<4ll) 

OananO  *ebe?atory  Aaaee*  Zne. 
Noivten«  Raw  York 
Attn:  Phillip  Porda  (412) 
lottia  Enudaen  (413) 

GaiMfal  Praelalont  Ine. 

808  17th  St.  R.W. 

WatfdngtoPt  D.C. 

Attn:  Larry  L.  Burton  (414) 

Ganaral  Araeiaiun*  Ine. 

Ubraaeepa  Dlviai.oo 
670  Aretoat  Avanua 
Sunn;,  iti^t  California 
Attn:  Thaodora  C«  Parkar  (41$) 
Jmmt  A.  IhoMl  (U6) 

A.  B.  TaUarino  (a?) 

Oanaral  hweialon*  Zne. 
on.  Diviaion 
63  Radford  U. 

Plaaaantrilla ,  R.Y. 

Attn:  David  G.  Gray  (418) 

Oaniatron*  Ino. 

Ill  Gataway  Rd. 

Banaanvllla,  JUlnoia 
Attn:  Hobart  Swift  (419) 

Ganlatrw.  Zne. 

6320  V.  A'^aona  Cirela 
Lea  ngalaa  45*  California 
Attn:  Jaaaa  C.  Saun  (420) 

Gould  MUoratoriaa 
.  i:aan.  Rvjr  Jaraay 
Attn:  8.  F.  Cotad.  J*.  (421) 

R.  P.  Could,  ffr.  (422) 

Oruanan  Alreraft  Engr*  Corp. 
Batteaga,  L.I.,  Maw  Pork 
Attn:  RUton  Hwrall  (423) 
Stapban  '*i'»rton  (434 > 


Hanlay  Imduatrlaa  Zne. 

4575  R.  Qoadfallow  Blvd. 

St.  Louia  20,  Ho. 

Attn:  San  D.  Ehrlich  (425) 

Harvay  AltwIrRxa 
•Tcrranea,  Calif  omit 
Attn:  Harold  W.  Suker  (426) 

Hareulea  Ptwdar  Ccapany 
Port  Ewan,  N.Y. 

Attn:  Oeorga  K.  Seharrar  (42?) 
tfiUlan  R.  ThoMta  (428) 
cu  K.  WocKi 

Ho73v'«a  Bowdar  Ceaipany 
Karculaa  Towar 
910  Mariett  St. 
tfUaingteci  99,  Dalawara 
Attn:  Edward  L.  Baavr  (430) 

Hi«!Mwar  Cerporatim 
2600  W.  247^  St. 

Torranoa,  Calif emia 
Attn:  Maldon  S.  Btnkiten,  Jr. (431) 
Nonta  W.  Korb  (432) 

Prad  M.  ThoiM  (433) 

Holax,  Zno. 

2791  San  Juan  Bd. 

Kolllatar,  Calif. 

Attn:  Bruaat  J.  Staekar  (434) 

ihaghaa  Aircraft  Ceopangr 
Plaranea  Avanat  at  Yaala 
Culver  City,  California 
Attn:  Sae^ty  General  Office,  for 
Owen  C.  Baikar  (43$) 

Orvtn  C.  Ongttad  (436) 

Hughaa  Aireiaft  Ccapeny 
P.O.  Bon  U337 
Tueaon,  Arltona 
Attn:  Plant  Saeurity,  for 

D<n4lM  B*  Oioakt  (437) 

iRtarfaranea  lotting  4  Baa.  Ub« 
P.O.  dm  776 
Havartown.  Pa. 

Attn:  WiUlM  D.  MeOutn  (438) 

r.’.  •  Padaral  laboratoriaa 
$00  Waahlnfton  Awmia 
Rutlay  10,  Raw  Jaraay 
Attn:  Wandall  C.  Murray  (439) 

ITT  •  Irduatrial  Predueta  Diviaion 
1U91  Blfdaea  St. 

San  Pamanda,  Callfcnda 
Attn:  Gaorga  H.  Aahaera,  Jr. (440) 
Meftr  D.  LoUar  (4a) 

Janalar  4  Baii!  ay 

Shirley  Highway  4  Edaall  Bd. 

Alexandria,  Va. 

Attr:  Laula  A .  Digaatio  (442) 

Jat  ft'opttlaien  laboratory 
P.O.  Box  U7 
Capa  Caiurvartl,  Florida 
Attn:  ThoMa  J.  Sniar  (443) 

Jat  ft'ape^aieR  Zaboratery 
Calif^la  laatitkta  of  Taehnology 
4800  Oak  Oreva  IhPiva 
Paaadane,  caiforaia 
Attn:  AMhec  *  G.  Benedict  (444) 
John  E«  Eematt,  Jr.  (U5) 
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Th«  Johns  Hopkins  University 
Applied  Physics  Ub. 

8621  (hoTgin  Ave. 

Silver  Spring,  ^41. 

Attn:  P.O.  Orwry,  Jr.  (446) 

Lawrence  Radiation  Leh. 

University  of  California 
Liv8r!iK>r8,  Calif. 

Attn:  Kr.  Salisbury  (447) 

LibraseoM  Divl8i.en 
General  IVecision,  Inc. 

670  Argues  five. 

Sunnyvals,  Otlif. 

Attn*.  Staff  Engr, 

J.  A.  RuR^ll,  (448) 

Litton  Industriss 
Electron  Tube  Division 
960  Industrial  Hd. 

San  Carlos,  Califcrnla 
Attni  Jack  W.  Gilas  (449) 

Lockheed  Missilsa  &  Space  Co. 
Empire  Grade 

Santa  Crus  County,  California 
Attnt  Robert  L.  FuUar  (450) 

Lockheed  Missiles  4  Space  Co, 

1111  Lockheed  Way 
Sunnyvale,  Calif, 

Attnt  Glen  0.  Clllett  (451) 

John  E.  Barkhaffi  (452) 
leidore  B.  Qlucknan  (453) 
Ihotts  C.  McClain  (454) 

Loekhted  Propulsion  Co. 

Redlands,  California 

Attnt  Theodore  E.  Landry  (455) 

Lorel  Elautroniea  Curp. 

New  York,  New  York 
Attnt  Lm  Horcwtti  (456) 

K.  Revtln  (457) 

MeCo}w>lek«S«lph  Assoc.  Ine, 
Hollister  Airport 
Hollister,  California 
Attnt  Robert  C.  Allen  (458) 

EdMrd  0.  Baxter  (459) 

Frank  W.T,  UHays,  Jr. (460) 

The  Msgnavox  Co, 

Urhana,  Illlnuis 
Attri  Rober*.  VI.  Bliss  (461) 
Charles  llniiacker  (462) 

The  Martin  'Company 
P.O,  Box  179 
Denver  1 ,  Colorado 
xttnt  Joe  M.  Aahurtn  (463) 

David  Waddington  (464) 

Allen  J.  w-jTier  (465) 

The  Martin  Comtpany 

P.O.  Box  5*?7 

Orlando,  Florida 

Attnt  Maurica  T,  Hedses  (4^6) 

Maeon  4  Hanger 
Silas  Kssort  Co.,  Ine. 

P.O.  Box  647 

Amarillo,  Texas 

At.t.nt  David  M,  Holt  (46V) 


Ketavsc,  Ine. 

45-45  162nd  St. 

Flushing  58,  N.Y. 

Aunt  Mr.  H.  Fadel  (468) 

Midwest  Reseereh  Institute 
425  Volkar  Slvd. 

Kansas  City,  Mo. 

Attn;  Jaiaes  J.  Downs  (469) 

Howard  V.  Christie  (470) 

Patti.  C.  Constant  (471) 

Minneapolla-htwyvell  Regulator  Co. 
600  Second  Street  North 
Hopkine,  Hirmesota 
Attnt  John  A,  Pitsftermld  (472) 

New  Mexico  State  University 
Physical  Science  Laboratory 
University  Iktrk,  New  Mexico 
Attnt  Richard  K.  Duncan  (473) 

North  American  Aviation,  Inc. 

Space  4  Info.  Systems  Oiv. 

12214  Ukewood  Blvd, 

Downey,  California 
Attnt  Aaron  Hitshens  (474) 

(tenial  E.  Holloway  (475) 

John  E.  Hoellsr  (476) 

Earl  F.  Schouweller  (477) 
Hert>ert  Silvsman  (478) 

Olln  Hathlsson  Cheialcal  Cerp. 

East  Alton,  Illinois 
Attnt  Jacguaa  L.  Caapari  (479) 
WilllaB  A,  Wood  (480) 

Ordnaiws  Aasoeiataa,  Inc. 

855  £]  Cantro  St. 

South  PaB4de;)a,  California 
Attnt  Albert  L*  R^srta  (48!1) 

Harvey  Sacks  (482) 

Aneriean  World  Ainnys,  Ine, 
Guided  Missiles  Range  Dlv. 

Patriek  AF&,  Florida 

Attnt  R<MStno  V.  Aav^nte  (483) 

Janee  C.  Sweat  (484) 

Psloec  Division 
Ouantlc  Industries,  Inc, 

1011  CciniBer;Ul  Street 
San  Ca**los.  California 
Attnt  Donsld  N.  Griffin  (485) 

H'yalcs  IntsmatiMial,  Inc. 
Albuguergua.  New  Mexico 
Attnt  Donald  F.  Martin  (486) 

Donald  S.  Wood  (4^) 

l^rofuse  ’orp. 

321  S.  ColuniJUs  Avenue 
Mount  Vernon,  New  York 
Attnt  Franklyn  E,  Stevens,  Jr. (488) 


Radio  Corp.  of  America 

Cantden,  Nsw  Jersey 

Attnt  Salvatore  Csnale,  Jr.  (4t"?) 

P*MCCff  Incorporated 
190  Duffy  Aver.ue 
lllcksvUls.  L,  I.,  Y. 
h'.tns  Mi-,  W.  D.  Marshall  (49r) 


Raytheon  Coo^any 
Har^U  Rd. 

Bedford.  Hass. 

Attni  Henry  A.  K.  Lam  (491) 

RCA  Service  Co. 

Missile  Test  Project 
Patrick  Air  Force  Baae,  Fla. 

Attnt  Otia  B.  Rawle  (492) 

Republic  Aviation  Corp. 

Fa^.igdale,  L.  1.  New  York 
Attni  Joseph  J.  Kuliberda  (493) 
Hiehaal  J.  Lauro  (494) 

Herbert  Hsltser  (495) 

6633  Canogo  Avenue 
Canoge  Park,  Califomie 
Attn:  Leonard  Kata  (496) 

Sandia  Corp* 

Albuquerque,  New  M^co 
Attnt  Cohen  B,  Dyrd  (497) 
f ‘'tries  W.  Go^  (498) 

Charles  W.  Harris^,  Jr,  (499) 
r«vld  E.  Merewsther  (500) 
Merrill  0.  Murphy  (501) 
Willian  L.  Stavens  (502) 

E.  H.  Sndth  4  Co.,  Inc. 

Suite  201,  901  Pershing  Dr. 

Silver  Spring,  Hd. 

Attni  E.  H.  Sajlth  (503) 

Space  Ordnance  Syetems,  Inc. 

133  Penn  St. 

El  Segunde,  Calif. 

Attni  W.  R.  Oiekie  (5O4) 

Space  Technology  Labs.,  Ine. 

Orw  Space  Perk 

Redondo  Bsaeh,  California 

Attni  Henry  L.  Busuttll  (505) 

Donald  5.  Davie  (506) 

Morris  Rosenthal  (507) 

Stanley  H.  Rush  (508) 

Special  Devieae,  Inc, 

16830  W.  Plaeerita  Uaryor.  Rd. 

Newhall,  California 
Attnt  Leroy  t.  Ardell  (509) 

Sperry  Gyroacopc  Cfwipany 
Great  Leek,  N.Y. 

Attnt  Miltor.  .Kent  (5IO) 

Sprague  Electric  Company 
12870  Panama  Jtreet 
loa  Ar,7tles  06,  California 
Attnt  Cla.d*  I,  Thomson  (511) 

Sprague  Llsctrlc  Company 
North  Msj-aohuaetts 

*ttrj  V'rarji  E,  Csrlington  (512) 
Benedict  ?.  Roas.n  (513) 

David  H.  Simonda  (514) 

Sprague  Electric  Company 
7321  Wlsconaln  Avenue  N.W. 

W'achlngton  7,  D»C, 

P,  Sheridan,  Security  Officer* 
f'lr  ChArles  T.  Lem^e  (515) 
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Taaar  El«etronlet»  Ine. 

1)60  S.  Ui  Ang«lei  St. 

P.O.  Sox  0-3 

Anobtia,  Califeraii 

Attn:  frtnk  K.  WillltM  (SI6) 

Thiekol  Oi«aic«l  C^rp. 

BrighoR  City,  Ut4h 
Attnt  ftieb&rd  Strei.g  <S17) 

Thiokol  Chtsieai  Corp. 

P.O.  Box  37 
&ri»tol|  Pk* 

Attn:  Claud*  £*  Conpboll  'Sid) 
J«a*t  H.  Muellir  (Sl^) 

Thioltol  Ch«flde«l  Corp. 

RMctlen  Nstor*  Divlalon 
Donvillo,  lt.J. 

Attn:  StvUify  Kurtojk  (530) 

Tbiekol  ChMdeal  Corp. 

P.O.  Bex  3U. 

Elkton,  Miiyland 

Attn:  Ototfi  Tkylor  (521) 

Thiekol  CNalekl  Corp. 
fhmttrlUa,  Altbtia 
Attni  S«B  2«mr,  Jr.  (522) 
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The  Franklin  Institute,  Laboratories  for  Res.  and  Dev, 

Philadelpi'-ia  3,  Pennsylvania 

PROCEEDINGS  OF  HERO  GONGRESS-I963-  ON  HAZARDS  OF  ELECTKCMAGIETIC  RADIATION 
TO  ORDNANCE,  held  a;  The  FrarJclin  Institute  on  30  April,  1,2  May  1963. 

706  p.  inol  Ulus,  cables  (Rept.  no.  F-B1982) 

Contract  N173-S083  Unclassified  P.eport 

Descriptors:  (Electrouagnetie  Fields,  Hazard)*  Explosive  Initiators,*  Syoiposia,* 
Attenuators,  Attenuation 

Identifiers :  HERO 

The  Second  HERO  Congress,  of  392  representatives  from  govemnent  and  industry,  coo^rised 
52  papers,  continuing  the  work  of  the  Fli’st  HERO  Congress  of  1961  (Proceedings,  AD-326-263). 
The  papers  gave  broad  coverage  of  the  Hazards  of  Eloetroit'.giiBi,iv,  Radiation  to  'VJrianro. 

The  opening  session  was  for  statenents  of  approaches  and  prograiuS;  (....s  '..ts  fo'<''owed  by 
nine  papers  on  theoretical  analysis  and  field  studies  of  vulnerability,  and  on  nethods 
of  measuring  radio  frequency  power,  and  deteininlng  sensitivity  of  initiators  to  K.^, 

There  were  I6  papers  on  fixes,  including  filters  and  absorptive  attenuators;  relays, 
transformers,  and  magnetic  coupling;  inherent  protection  by  initiator  design;  aixl  pro¬ 
tective  shielding.  Nine  papers  '.<ere  devoted  to  special  aspects,  such  as  the  effects  of 
lightning,  RF  field  distribution  over  a  carrier  deck,  statistical  studies,  new  attenu¬ 
ating  materials,  and  thenal  analyses.  Twelve  additional  papers,  in  the  same  general 
areas  mentioned,  are  printed  in  the  Proceedings  although  they  were  not  presented  at  the 
Congress. 

The  report  contains  abstracts  of  the  individual  papers,  and  a  simnar'  of  the  discussions. 
Twelve  pipers  were  classified;  they  •■.re  bcund  separately  in  a  174  page  supplement 
(Report  No.  F-bl962  SuppleaMnt;  ) 


